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The contamination of soil and groundwater from leachate leakage from landfill 
has turned, nowadays, into a global public issue. One of the main concerns about this 
pollutant is the potential threat to human and ecosystem health. The current research 
studied endophyte bacteria in association with poplar trees (Populus sp.), as a method of 
bioremediation of landfill leachates. The objective of the project was to identify treatment 
strategies that may improve plant performance (survival rates, plant fitness, and 
degradation efficacy) with the purpose of being implemented in phytoremediation plots, 
aimed to intercept and treat landfill leachate, before the contamination of watershed. This 
study focused on the ability of endophyte strains to colonize and thrive in symbiotic 
relations with Poplar trees and their impact on plant health. The health of the plant was 
measured by growth and contaminant degradation, while colonization was monitored 
using molecular biology and microscopy techniques. The results of this study were 
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1. INTRODUCTION
1.1. MUNICIPAL SOLID WASTE
Municipal Solid Waste (MSW) is defined as a waste originated in urban areas 
from residential, commercial, institutional, and municipal services sources. It is 
commonly known, among other terms, as garbage, domestic waste, and refuse. MSW 
classifications include kitchen waste, paper, plastic, fabric, metal, glass, pottery, brick 
and stones, batteries, and discarded household appliances and excludes industrial 
(nonhazardous), agricultural, hazardous waste, or sewage sludge (Youcai, 2016).
The increase of MSW production goes hand in hand with the global population 
growth and increased urbanization, being an inevitable consequence of universal 
development (Rawal et al., 2012; A. Singh, 2019). The population is growing worldwide, 
today’s figures are 7.6 billion and is expected to reach a level between 9.5 and 10 billion 
in 2050 (Figure 1.1) (United Nations, 2019). At the same time, municipal waste disposal 
has increased drastically over the last few decades. In the year 2000, 12.7 billion tons of 
waste was produced globally. It is estimated that in 2025, the waste generated worldwide 
will reach approximately 19 billion tons (H. Mishra, 2017; Rawal et al., 2012; UNEP, 
2015).
So many regions all over the world, mostly developing countries, had set up 
successful plans for MSW management but nowadays are not efficient anymore (Abarca- 
Guerrero et al., 2013). The amount and speed of waste production, along with its 
management, has become a severe environmental, economic, and social severe problem 










human health problems and in a rise in environmental danger by polluting drinking 
water, groundwater, and soils (Rawal et al., 2012; A. Singh, 2019).
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Figure 1.1 Estimates and probabilistic projections of the world's total populations.
Source: United Nations, 2019 report.
1.2. LANDFILLS
There are several methods for handling MSW, the most common techniques are
sanitary landfill, incineration for power, and composting (which is just for the 
biodegradable fraction of the waste). The deciding factors for choosing a waste treatment 
technology are mainly the technical practicality and reliability; disposal costs and
affordability; environmental pollution and pollution control; and reuse and recycling 
values and their constraints (Youcai, 2016).
Sanitary landfill is the selected option for disposing 90% of MSW globally. This 
method presents the lowest investment and operating cost. However, its huge drawback is 
that if a landfill system is improperly managed, it can generate secondary pollution, 
releasing contaminants as gases, liquids or dusts. Therefore, turning a useful and widely 
used tool for disposing wastes, into a potential cause of human health and environmental 
problems (Dunnet, 2004; Fernandez et al., 2014; Youcai, 2016).
Defined by the EPA a modern landfill is a “well-engineered and managed facility 
for the disposal of solid waste.” A landfill’s location, design, operation, monitoring, and 
closure must ensure compliance with federal regulations and mainly must follow and 
meet regulations established under the Resource Conservation and Recovery Act 
(RCRA). Landfills cannot be built in environmentally-sensitive areas and their 
monitoring is performed on-site, keeping track of landfill gas, as well as any trace of 
groundwater contamination (EPA, 2020).
There are different types of landfills based on the type of wastes that are disposed. 
In addition to RCRA, the Toxic Substances Control Act (TSCA) is involved in landfill 
regulation. The RCRA subtitle D covers nonhazardous solid waste, like household 
garbage and nonhazardous industrial solid waste. RCRA works hand-in-hand with state 
and local governments as the primary entities for implementing the regulations. The main 
two landfills regulated under Subtitle D are Municipal Solid Waste Landfills (MSWLFs) 
and Industrial Waste Landfill (EPA, 2020).
3
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The RCRA Subtitle C deals with hazardous waste and its management along 
with the whole process of generation, transportation and treatment, and storage or 
disposal. The main goal of Subtitle C is to protect human health and the environment.
The type of landfill that Subtitle C rules is called the Hazardous Waste Landfill (EPA, 
2020).
Prior to the seventies, the regulation on the disposal of municipal solid waste, as 
well as on the installation, construction, and operation of landfills was very weak. Wastes 
used to be disposed of in an uncontrolled way. The lack of precautions about the leachate 
generation and gas emissions, led to pollution problems in areas close by landfill sites. 
Soil and groundwater contamination has turned, nowadays, into a main public concern 
(Christenson & Cozzarelli, 2003; Fernandez et al., 2014; Harbottle et al., 2007).
In 1984, the U.S. Congress, through the Hazardous and Solid Waste Amendments 
(HSWA) section 3004(o)(l)(A) made a requirement that all new landfills should have 
double liners, and leachate collection and removal systems (LCRS) (EPA, 1989). 
Currently, all modern landfills are supposed to have bottom liners. However, research has 
demonstrated that despite the protection of a bottom liner with leachate collection, the 
migration of different pollutants is still occurring. Polluted groundwater as a consequence 
of landfills, has been reported in numerous countries all over the world (Fernandez et al., 
2014).
1.3. LEACHATE
The composition, transport, and mitigation of the leachate are described in this
section.
1.3.1. Leachate Composition. Leachate is the end product of disposing wastes 
in landfills. Once disposed of, the wastes experience chemical, physicochemical, and 
microbiological degradative processes. As rainwater and moisture from the waste 
percolates through the landfills, it dissolves and carries with it organic and inorganic 
constituents. This water also acquires the degradation products of the residues. All these 
components create a highly polluting effluent called leachate (Christensen, 1989; Costa et 
al., 2019; Palmisano & Barlaz, 1996; Salem et al., 2008).
Leachate’s composition is complex and extremely variable because it depends on so 
many different variables such as the type of waste, particle size, soil cover, moisture, 
content, water application, landfill design and operation, degree of compaction, and age 
(Pohland & Harper, 1987).
Overall, leachate is composed by refractory and biodegradable organic material, 
compounds containing nitrogen, heavy metals, inorganic components, and xenobiotic 
organic material (Christensen et al., 2001; Ziyang, 2009). The organic fraction is in 
extremely high concentration and mainly includes volatile fatty acids and humic and 
fulvic acids, as the most persistent part. The main inorganic compounds are ammoniacal 
nitrogen (N-NH4 +), sodium (Na+), potassium (K+), chloride (Cl-), calcium (Ca2+), 
magnesium (Mg2+), iron (Fe2+), manganese (Mn2+), sulfate (SO4 2-) and hydrogen 
carbonate (HCO3 -). The heavy metals include cadmium (Cd2+), nickel (Ni2+) chromium 
(Cr3+), lead (Pb2+), copper (Cu2+) and zinc (Zn2+). And some examples for xenobiotic 
organic compounds are aromatic hydrocarbons, phenols, and pesticides (R.J. Slack, 2005; 
Schiopu & Gavrilescu, 2010). Ranges of general landfill leachate composition have been 
reported in several studies (Table 1.1) (Kjeldsen et al., 2002).
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Landfills with weak or unmonitored methods for recovering leachate poses a 
threat to contaminate close by groundwater with toxic chemicals. Landfill leachate is 
enriched with carbon and is usually highly reduced, which may affect and alter the 
natural microbiota and the physiochemical processes of aquifers (Palmisano & Barlaz, 
1996).
Table 1.1 Landfill leachate composition (values in mg l unless otherwise stated).
Source: Kjeldsen et al., 2002.
Parameter Range
p h 4 .5-9
Specific conductance (pS /cm ) 25 0 0 -3 5 0 0 0
T otal Solids 20 0 0 -6 0 0 0 0
O rg a n ic  M a tte r
T otal O rgan ic  C arb o n  (T O C ) 30-29000
B io log ical O x ig en  D em an d  (B O D 5 ) 2 0 -57000
C hem ical O x ig en  D em an d  (C O D ) 140-152000
B O D 5/C O D  (ratio) 0 .02 -0 .80
O rganic  n itrogen 14-2500
In o rg a n ic  m a cro co m p o n en ts
T otal p h o sp h o ro u s 0.1-23
C hloride 150-4500
Sulphate 8-7750
H ydrogenb icarbonate 6 1 0-7320
Sod ium 70-7700
P o tassiu m 50-3700
A m o n iu m -N 50-2200
C alcium 10-7200
M ag n es iu m 30-15000
Iron 3-5500
M anganese 0 .03 -1400
Silica 4-70
H e a v y  m eta ls
A rsen ic 0.01-1
C adm iun 0 .00 0 1 -0 .4
C hrom ium 0.02-1 .5
C obalt 0 .005-1 .5
C opper 0 .005-10
L ead 0 .001-5
M ercury 0 .000 0 5 -0 .1 6
N ickel 0 .015-13
Zinc 0 .03 -1000
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Xenobiotic organic compounds (XOCs) are very important constituents of 
landfill leachate. Some of the main XOCs evaluated in this study are benzene and 
tetrachloroethylene (PCE). General ranges of the most observed XOCs in landfill 
leachate have been reported in several studies (Table 1.2) (Kjeldsen et al., 2002).
Table 1.2 Most observed XOCs in landfill leachate (values in |ig l-1). Source: Kjeldsen et
al., 2002.
Compound Range (gg/L)
A rom atic  hydrocarbons
B enzene 0 .2-1630
T oluene 1-12300
X ylenes 0 .8-3500
Ethylbenzene 0 .2-2329






N aphthalene 0 .1-260
H alogena ted  hydrocarbons
C hlorobenzene 0 .1-110
1 .2-D ichlorobenzene 0.1-32




H exachlorobenzene 0 .025-10
1.1 -D ichloroethane 0.6-46
1 .2-D ichloroethane <6
1.1.1 -T richloroethane 0 .01-3810
1 .1 .2-Trichloroethane 2.5-16
1 .1 .2.2-Tetrachloroethane 1
trans-1 .2-D ichloroethvlene 1.6-6582
cis-1 .2--D ichloroethvlene 1.4-470
T richloroethvlene 0 .05-750
T etrachloroethylene 0 .01-250
D ichlorom ethane 1.0-827
T richlorom ethane 1.0-70
C arbontetrachloride 4.0-9 .0
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Benzene is one of the most common toxic, volatile organic compound (VOCs) 
detected in landfill leachates. Benzene is widely used by several industries and as a 
consequence it ends up in the majority of the industrial and household wastes, all over the 
world. Benzene is introduced to the environment by wastewaters directly or after a 
municipal sewage treatment (Jayawardhana et al., 2019; Riediker et al., 2000).
The presence of VOCs in landfill leachate has strong environmental implications, 
such us toxic gas emission and soil and water contamination. There are also a wide range 
of acute and long-term adverse human health effects and diseases, like cancer and 
aplastic anemia. Some other frequent detected VOCs in landfills are toluene, ethyl 
benzene and xylene (Jayawardhana et al., 2019; Liu et al., 2012).
PCE is a chlorinated volatile organic compound (Cl- VOC) consistently detected 
in the leachate from both municipal and hazardous waste landfills. There are always 
several sources of chlorinated compounds, especially around industrial areas. It is broadly 
used as a solvent and degreaser. PCE is a persistent compound that in groundwater, under 
aerobic conditions, can only be degraded slowly (Doty et al., 2017; Hunkeler et al.,
1999).
Concerns about the threat PCE poses to the integrity of pristine groundwater have 
risen to the extent that now it has been designated as an organic priority pollutant (so is 
trichloroethylene (TCE)) (Leahy & Shreve, 2000). Many countries around the globe, such 
as the United States, use ground water as a major drinking water source. PCE is known as 
a human carcinogen and has been identified as a neurotoxin. The primary exposure routes 
are ingestion of contaminated water and via inhalation as a result of vapor intrusion from 
contaminated soil and water (Guyton et al., 2014; Hunkeler et al., 1999; Leahy & Shreve,
2000). Several studies have already reported the identification of PCE and TCE in 
samples from leachate-contaminated groundwater (Leahy & Shreve, 2000).
1.3.2. Leachate Transport. Leakage from landfills is one of the many point- 
sources of groundwater contamination produced as a consequence of human activities. 
Leachate percolation can last decades even after the closing date of the landfill.
Therefore, landfills could be a potential long-term source of contamination. (WHO,
2006).
Once the leachate is produced, it would mostly follow the classical contaminant 
conceptual model (Figure 1.2). This model, presents an effective prediction of the 
transport of a leached contaminant, including assessment of risk. The first step, is the 
release of a dissolved-phase chemical from the source, followed by vertical migration 
through an unsaturated zone, and, finally, when the plume reaches below the water table, 
the migration of the contaminant follows the horizontal groundwater direction (WHO, 
2006).
1.3.3. Leachate Migration Mitigation. Soil is an important resource for the 
attenuation process of leachate migration to groundwater. This process is more effective 
in soil than in aquifers because, soil presents higher clay contents, organic carbon, 
microbial populations, and replenishable oxygen.
The soil is a protective layer and the first line of defense against the 
contamination of groundwater. Unfortunately, some pollutants, including the landfill 
leachate, are able to pass through the soil layer and contaminate the aquifers (WHO, 
2006). For these reasons, it is important to promote the improvement of the soil and
9
strategies to prevent the contaminants from reaching the groundwater. Two ways to do 
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Figure 1.2 Classical contaminant conceptual model. Source: WHO, 2006.
A preventive approach to avoid leachate at the MSW landfills are the ET cover 
systems. These are alternative, cheaper-to construct final cover systems composed of one 
or more vegetated soil layers. The ET covers are aimed to reduce/control moisture and 
percolation of the contaminants within the leachate by retaining water and using water 
balance components. The hydrological processes that are involved are water evaporation
from soil surface, water transpiration from the vegetation, precipitation, surface runoff, 
and infiltration (EPA, 2003).
There are two types of ET covers; 1) monolithic barriers and 2) capillary barriers 
(Figure 1.3). The main difference is that the first one has just one layer of fine-grained 
soils, such as silts and clayey silts, while in the second one, this layer is overlined by a 
coarser-grained material layer, usually sand or gravel. The vegetation that is used in the 
upper layer, stabilizes the surface of the cover. Some plant species that have been used on 
ET cover are grasses (wheatgrass and clover), shrubs (rabbitbrush and sagebrush), and 
trees (willow and hybrid poplar). The combination of native warm- and cool-season 
species is a good strategy used to enhance the transpiration throughout the entire growing 
season (EPA, 2003).
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Figure 1.3 Conceptual design of ET covers. Left: monolithic ET final cover; Right: 
capillary ET final cover. Source: EPA, 2003.
1.4. LEACHATE PHYTOREMEDIATION
Phytoremediation is a technology that since the mid-1970s has been studied from 
lab scale up to full-scale field trials. With time, society has begun to accept increasingly
phytoremediation as an option for removing pollutants from sites contaminated with 
leachate from landfills. This type of bioremediation entails multiple advantages such as 
being cost-effective, environmentally friendly, and less disruptive to the soil and overall 
ecosystem (D. L. Jones et al., 2006; Nagendran et al., 2006).
Adding vegetation to a landfill gives aesthetic value, in addition to reducing the 
infiltration of rainfall by managing erosion and hydraulic control. However, the good 
performance of the plants can be affected due to the physicochemical characteristics of 
the contaminated soils, which need to be improved or monitored (Kim & Owens, 2010; 
Nagendran et al., 2006).
1.4.1. Amendments for Phytoremediation. Natural organic amendments are used 
to improve phytoremediation, enhancing the efficiency of the cleanup process. Natural 
amendments have a powerful influence on the characteristics and structure of the soil, on 
the bioavailability of pollutants, and on the plants growth. This influence, has been 
studied globally at an increasing rate. Some of the most commonamendments are agro 
and industrial wastes (e.g. sugar beet residue and composted sewage sludge), biochar, 
humic substances, plant extracts, and exudates (Wiszniewska et al., 2016).
Biochar is defined by the International Biochar Initiatives (IBI) as “a fine-grained 
product of carbonization, characterized by a high content of organic carbon and low 
susceptibility to degradation, which is obtained through the pyrolysis1 of biomass and 
biodegradable waste.” Biochar can be made of several materials like energy crops and
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1 Pyrolysis is a thermochemical process, carried out under anaerobic conditions, use, in this case, to 
transform biomass (Saletnik et al., 2019).
agricultural and forest residues. Because of the variability of its origin, biochars can 
have stable organic carbon, aromatic compounds, aliphatic compounds, and ash.
However, the compositions may vary according to the original biomass used, and can 
range as: 50-90%, water 1-15%, volatile substances up to 40% and mineral substance 
(Kwapinski et al., 2010; Lehmann et al., 2011).
Biochar plays a very important role in the remediation of polluted environments.
It has a very stable composition and is resistant to microbiological degradation and 
decomposition (Tang et al., 2013). Due to the porous structure of biochar, when is added 
to the soil, the sorption capacity of the soil improves. Thus, biochar is a good tool to 
immobilize and reduce the bioavailability of contaminants that are in solid, liquid, and 
gaseous media. In other words, pollutants that are present in surface- and groundwater, as 
well as in soil (Atkinson et al., 2010).
Research has successfully proved the sorbent capacity of biochar, when aiming to 
immobilize contaminants. Some of those pollutants are residues of pharmaceuticals and 
heavy metals from municipal sewage and industrial wastewater, as well as, pesticides 
from soils (Yao et al., 2012; P. . Zhang et al., 2013). The principle of electrostatic 
interactions with polar or non-polar groups, may support biochar-mediated adsorption of 
organic contaminants. However, biochars are able to interact, not just with organic, but 
with a large variety of inorganic compounds present in soil (Bogusz & Cejner, 2016; 
Cross & Sohi, 2011).
Biochar is a potential soil enhancer (Beesley et al., 2011).Incorporating biochar to 
the soil, provides, in addition to carbon, some other biogenic compounds like phosphorus, 
potassium, magnesium and nitrogen This enrichment, accompanied by the highly porous
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structure of the biochar, create a perfect environment to encourage the growth of a 
wide variety of microorganisms. Biochar improves the physical, chemical, and biological 
properties of soils, resulting in the improvement of plant growth conditions, therefore, in 
a better plant yield (Cayuela et al., 2014; Laird, 2008).
Biochar is also an important natural alternative to classic products used for 
energy. It is a clean and renewable source of energy, optimal to be used as fuel. 
Additionally, biochar has a huge potential to be use in other industries like agricultural 
and environmental conservation as a soil amendment. Its usage is becoming very 
frequent, due to its relative low cost and efficiency. Because of these properties, biochar 
is one of the amendments used for this research (Beesley et al., 2011; IBI Biochar 
Standards, n.d.; Saletnik et al., 2019).
1.4.2. Phytoremediation Mechanisms. There are two phytoremediation 
mechanisms that are most frequently involved in the detoxification of soils contaminated 
with landfill leachate. The first one is extraction and/or degradation of the pollutants, 
which involves contaminants such as heavy metals or organic matter to be accumulated 
into foliar plant tissues. In the case of heavy metals, the plants are harvested and removed 
from the site, while for the organics, they can be further degraded by the plant enzymatic 
machinery helped by associated microbes in the soil.
The second approach is stabilization, adding plants to prevent runoff and dust 
from the site, and consequently preventing the pollution of groundwater. This 
mechanism’s target are inorganic contaminants, which plants try to immobilize around 
the root zone (Abhilash et al., 2009; Alvarenga et al., 2008; Nagendran et al., 2006; 
Pulford & Watson, 2003).
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A more specific way to perform phytoremediation of landfill leachate is by 
using it -untreated or partially treated- for irrigation of vegetated land. This approach 
facilitates closing the nutrient cycling loop, in parallel to improving the quality of the 
discharged effluent. The processes involved are degradation, decrease of toxicity, and 
inactivating toxic compounds in leachate (Haarstad & Maehlum, 1999; Qasim & Chiang, 
1994). When the leachate gets in contact with the plant, above- and below-ground 
processes of the plant-soil system take place to perform the whole phytoremediation 
approach (Figure 1.4) (D. L. Jones et al., 2006).
Figure 1.4 Schematic representation of the soil-plant bioreactor for the phytoremediation
treatment of landfill leachate.
1.4.3. Fate of Contaminates From the Leachate. Above ground processes are 
mainly represented by the foliar uptake followed by a respective processing, based on the 
nature or state, of the compound present in the irrigated leachate. The gaseous nutrients 
such as ammonia (NH3), will be used in making new plant biomass; the soluble nutrients, 
like nitrate (NO3-), and metals, like zinc (Zn), will be used for growth or will be 
sequestrated in the leaves, as is the case of lead (Pb); and the volatile and soluble organic 
compounds, will follow the detoxification path or will be sequestrated as well (D. L.
Jones et al., 2006).
On the other hand, below-ground processes involve several mechanisms. In 
phytoextraction, plants drag the contaminants (solubilized in the water) towards the roots, 
and at the same time, enhance shoot transpiration. After the root uptake, contaminants 
will enter the plant, be sequestered, used in growth, or transported to the shoots, 
depending on their nature. The most common chemicals are, organic compounds, 
inorganic nutrients, such as potassium (K) and ammonium (NH4 +), other metals like 
sodium (Na), and heavy metals. Organic compounds can be further degraded.
Another mechanism is rhizodegradation, in which the rhizosphere’s microbial 
population is stimulated, increasing the detoxification of organic pollutants. 
Rhizoremediation, results in the reduction of the biological oxygen demand (BOD) from 
effluents, among others. Phytosequestration, involves also the rhizosphere, to sequester 
some non-toxic metals, like copper (Cu), through the exudation of phytochemicals.
Some other below-ground mechanisms are the immobilization of metals and 
organic compounds present in leachate, onto the soil’s solid phase by sorption, 
complexation, or fixation/precipitation (D. L. Jones et al., 2006).
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Some plants, such as willow or poplar trees, have a beneficially recover value 
from the leachate contaminants. Godley et al. (2004) presents a study in which in short 
rotation tree forests, the biomass that is being produced, is harvested on a 3-5-yr cycle 
during its 20-30-yr lifespan. When landfill leachate is applied to short-rotation tree 
forests, these plants reduce both, leachate volume and nutrient content of the leachate. 
Additionally, the harvested biomass may be incinerated for energy recovery. These 
forests are frequently known as energy forests (Godley et al., 2004; D. L. Jones et al., 
2006).
One of the most appealing plants for phytoremediation of TCE and other organic 
contaminants is Populus sp. (Poplar). Mostly because of its ability to cope with 
bioaugmentations systems. Additionally, Poplar trees have high growth rate, extensive 
root system, and high rates of water uptake from the soil, which supports the containment 
of contaminated groundwater plumes (Isebrands & Richardson, 2014; Shang et al., 2001).
Beyond the transformation of the leachate, treating this pollutant with 
phytoremediation presents some potential important environmental advantages. Including 
the improvement of plant performance, the reduction of leachate volume as a 
consequence of the enhanced evaporation of water, as well as reducing the downward 
migration of the contaminants within the leachate, and the promotion of soil structure by 
plant roots. A better soil structure enhances infiltration of leachate into the soil and 
reduces the risk of surface run-off. All these outcomes, are accomplished by simply using 
the leachate to irrigate the plants as a direct source of water and nutrients (Dickmann et 




The plant-microbe association is so important for plants, that there is no a single 
plant species within the 300,000 of the world that have been reported without a microbial 
endophyte, either bacteria or fungi (Santoyo et al., 2016).
1.5.1. Endophytes. It has been defined by Hallman et al. (1997) that endophytic 
bacteria are those that “can be isolated from surface-disinfected plant tissue or extracted 
from inside the plant, and if it does not visibly harm the plant.”
The endophytic growth has been recognized for more than one hundred years as a 
particular stage in the life of bacteria (Perotti, 1926). Endophytes are a specialized group 
within the bacteria colonizers of internal tissue of plants. The endophytic stage has been 
presented by Reinhold-Hurek and Hurek (1998) as ‘an evolved bacterial modus vivendi 
and temporal developmental stage.’(Reinhold-Hurek & Hurek, 1998)
Bacterial endophytes can be divided into two groups, obligate and facultative. In 
the first classification, the bacteria depend during their entire life cycle on their plant host 
for growth and transmission. The second category represents the endophytes that can 
exist outside the host. In fact, one part of their life cycle is not inside the plant.
Facultative endophytes alternate between plants and the soil, a behavior that is identified 
as a biphasic life cycle (Hardoim et al., 2008).
Hardoim et al. (2008) has proposed three different types of endophytes (Figure 
1.5). The first concept is ‘competent endophytes,’ used to describe the bacteria that have 
the required genetic machinery for colonizing the endosphere and persisting in it. 
Competent endophytes can colonize the rhizoplane, invade internal plant tissue through 
cracks (formed at the sites of lateral root emergence and root tips), and most important, to
adapt to the plant environment. They have the genes that enable the invasion of 
vascular tissue, spread throughout the plant, and keep an equilibrium with the plant host 
by manipulating the plant metabolism. The second group are the opportunistic 
endophytes, defined as competent rhizosphere colonizers, able to invade the internal plant 
tissue but will not be ecologically successful inside the plant due to the lack of key genes. 
The existence of the opportunistic endophytes is limited to specific plant tissues, like the 
root cortex. The third type are the passenger endophytes that are soil-inhabiting bacteria 
and could by coincidence enter root tissue to become endophytic bacteria. Their entry 
port are natural wounds or following root invasion by nematodes and are restricted to the 
root cortex tissue as well (Hardoim et al., 2008).
1.5.2. Endophytic Bacterial Communities. The interest for determining the 
biodiversity of endophytic bacterial communities, in addition to understanding the 
functioning of bacterial endophytes, and their importance in easing plant growth has been 
increasing. Endophytes provide benefits to the plants, such as nitrogen fixation, 
phosphate solubilization, and stress tolerance. Specially, for industries like agriculture, 
horticulture, and silviculture, which can be really benefited (Kang et al., 2012; Santoyo et 
al., 2016).
Molecular biology techniques have been used to study the composition of 
endophyte populations. Some commonly used assays are broad screening techniques such 
as 16S-rRNA pyrosequencing approach, or taxon-specific real-time PCR, length- 
heterogeneity PCR, PCR-based Illumina pyrosequencing, and genus-specific PCR, 
among others. Within the endophytic bacterial communities, the most abundant division 
is Proteobacteria followed by Firmicutes and Actinobacteria classes. The genera that are
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mostly found are Bacillus, Burkholderia, Stenotrophomonas, Micrococcus, Pantoea, 
Microbacterium, Azoarcus, Burkholderia, Gluconobacter, Klebsiella, Herbaspirillum, 
Rahnella, and Pseudomonas (Hallmann et al., 1997; Kandel et al., 2017; Romero et al., 
2014; Santoyo et al., 2016; Shi et al., 2014).
Figure 1.5 Types of endophytes and their root colonization process. Red cells represent 
the passenger endophytes; opportunistic endophytes are represented by the blue cells; and 
yellow cells represent the competent endophytes (Hardoim et al., 2008).
Despite the availability of technology and the interest in the study of plant 
endophyte population, it is still a huge challenge to study such a dynamic and complex 
community. The colonization ability of endophytes is affected by so many variables such 
as the type of plant; plant growth stage and physiological status; type of plant tissue that
is being analyzed; the health of the plant; the nutritional state of the plant; the type of 
soil and its condition; the climate; and agricultural practices, among others. This 
variability, brings extra difficulty to fully understand endophytes and plant colonization 
(Hallmann & Berg, 2006; Hardoim et al., 2008).
1.5.3. Endophyte Bacteria vs. Rhizospheric Bacteria Communities. The term 
rhizosphere was defined for the first time in 1904 by Lorenz Hiltner, a German 
agronomist and plant physiologist, to describe the plant-root interface. Rhizosphere was 
defined then as “the area around a plant root that is inhabited by a unique population of 
microorganisms influenced by the chemicals released from plant roots.”(McNear Jr., 
2013). That unique population of microorganisms is today known as rhizospheric 
bacteria. The rhizosphere is a microecosystem universally accepted to be one of the main 
providers of endophytic bacterial able to colonize the roots of the plants. Endophytes 
often originate from soil (Germida et al., 1998).
It has been suggested that endophytic bacteria are a subset of rhizosphere and/or 
root-associated bacterial population because rhizospheric and endophyte bacteria share 
all or most of the reported genera, Pseudomonas (e.g. P. fluorescens), Azospirillum (e.g. 
A. brasilense) and Bacillus, as an example (Germida et al., 1998; Hallmann & Berg,
2006; Rosenblueth & Martinez-Romero, 2006). It is known that these two types of 
bacteria have the capacity to act as plant growth-promoting bacteria and that at least the 
first stages of the plant colonization processes are very alike (Hallmann et al., 1997). 
Roughly, the main difference is that rhizospheric bacteria are found surrounding the roots 
of the plants, while endophytic bacteria are found within the plant tissue of the roots and 
other parts of the plant (Santoyo et al., 2016; Smith et al., 2008).
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The ability of a rhizospheric bacteria to successfully turn into endophytic 
bacteria is dictated by multiple environmental and genetic factors (Reinhold-Hurek & 
Hurek, 1998). The right combination of these two factors will equip the bacterium with 
the capacity to deal with and response to the challenges of switching environments 
(different surroundings and tissues), from the exosphere to the endosphere (Hardoim et 
al., 2008).
Overall, there are still important advances needed in the understanding of what 
turns a rhizospheric bacteria into a plant endophyte (Santoyo et al., 2016; Smith et al., 
2008).
Despite the multiple studies about the genes related with an endophytic lifestyle, 
still there is not a specific gene or group of genes that has been identified as the 
responsible for such lifestyle. However, it has been suggested, that the genome of 
rhizospheric bacteria and the genome for endophytic bacteria, have major differences 
(Santoyo et al., 2016) It has been reported, that bacterial endophytes are more efficient in 
communicating and interacting with their host plant, compared with rhizospheric bacteria 
(Ali et al., 2012). This affirmation is based on the benefit that signaling gives to the 
endophytic bacteria to be within the plant tissues. This means that the bacterial 
endophytes are continuously in direct contact with the plant, therefore, facilitating and 
improving the interaction (Hallmann et al., 1997).
1.5.4. Plant-Bacteria Interactions. Different forms of associations can exist 
between plant roots and microbes.
The interactions could range from pathogenic or symbiotic to commensals (Scharf 
et al., 2016). The plant-microbe association is crucial for plant growth, performance,
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productivity, and survival. The growth benefits are provided to the host plants through 
nitrogen fixation, phytohormone production, nutrient acquisition, and by conferring 
tolerance to abiotic and biotic stresses (pathogens and environmental stress condition) 
(Doty et al., 2017; Kandel et al., 2017; Santoyo et al., 2016; Scharf et al., 2016; Smith et 
al., 2008).
Based on the definition of endophytic bacteria by Hallman et al. (1997), in which 
is stated that endophytes do not harm the plant, it could be said that this is a symbiotic 
relation. But additionally, it has been affirmed that both parts in this equation benefit, 
therefore the relationship between endophytic bacteria and plants could be presented as a 
mutualistic type of association. This type of interaction might have arisen, as the result of 
a clear positive selection (Thrall, 2007).
Although the plant-bacteria associations are not fully understood, is clear that it is 
a "give and take" relationship. Throughout photosynthesis, plants perform the main 
atmospheric CO2 fixation on the planet. The outcome of this metabolic process are 
carbon, nitrogen, and energy. Therefore, the plants are an attractive target for plant- 
associated heterotrophic microorganisms looking for nutrients (Vandenkoornhuyse,
2007).
Plants are the host of bacterial endophytes. But these are not random inhabitants, 
it has been suggested that plants can communicate to specifically draw microorganisms 
for their own ecological and evolutionary benefit (Compant, 2005; S0 rensen & Sessitsch, 
2006). The host, supplies what is needed by specific specie of bacteria, selecting for a 
beneficial bacteria colonizer. While bacteria stimulate severe physiological changes in 
the plant, improving plants’ growth and health. Some other advantages that plants
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experience when being colonized by this type of bacteria, are stress reduction, 
enhancement of their productivity rates, and better protection against pathogens. Studies 
have shown the natural ability of endophytes to degrade xenobiotic (Ali et al., 2012; 
Conrath, 2006; Hardoim et al., 2008; Kang et al., 2012; Scharf et al., 2016).
The mechanisms related with the plant’s endophyte selection process are not fully 
understood until today. However, some well-established interactions have been found and 
are characterized by using flavonoids, a highly specific compound signal, as the chemical 
communication between plants and bacteria. Some examples are Rhizobium-legume 
association (Bais, 2006) and the endophytic associations of Azorhizobium caulinodans, 
Azospirillum brasilense and Serratia spp. with wheat and rice (Balachandar, 2006; 
Webster, 1998).
There are two types of mechanisms by which bacterial endophytes can stimulate 
the growth of plants, direct and indirect. The first one, is represented when bacteria play 
the role of facilitator in the plant’s intake of essential nutrients such as nitrogen, 
phosphorous, and iron. Another example of bacterial direct plant growth promotion is the 
regulation of the synthesis of phytohormones, such as auxin and cytokinin, or other type 
of enzymes like 1-aminocyclopropane-1-carboxylate (ACC), which will trigger a 
response in the plant’s phytohormone production system, reducing the concentration of 
ethylene. On the other hand, the indirect mechanism is exemplified by the bacteria 
antagonizing the performance of a pathogen that is attacking the plant. In other words, the 
indirect promotion of plant growth is done by the bacteria when the damage that could be 
caused by phytopathogens is reduced (Santoyo et al., 2016).
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1.5.5. Colonization of Plant Tissue. Bacterial endophytes start the 
colonization process of the host by finding an entrance to plant tissue and then rapidly 
spreading to the intracellular space in the root. Endophytes use several mechanisms to 
access plant tissue. The leakage of plant metabolites through the root’s (primary and 
lateral) wounds or cracks, makes these junctions the number one point of entry for 
microorganisms. Other doors towards inner plant tissue are the stomata, lenticels, 
emergence of lateral roots or root hair cells, and vertical transmission via germinating 
radicals (Figure 1.7). Another well-known endophytic bacterial colonization process is 
through the formation of nodules by various Rhizobia spp. (Hardoim et al., 2008; Santoyo 
et al., 2016).
Root tips and points of emergence of secondary roots are the zones where most of 
the exudates are excreted. The accumulation of root exudates creates a nutrient gradient 
that activates the chemotaxis proteins of the motile bacteria, followed by the activation of 
the gene expression patterns necessary for colonization. Sensing of these compounds 
occurs most likely through an indirect path, the phosphotransferase system and/or 
periplasmic binding proteins, which then bind to corresponding chemoreceptors 
(Hardoim et al., 2008; Hazelbauer et al., 2008; Neumann et al., 2012; Wadhams & 
Armitage, 2004).
Exudates are important in the bacterial plant selection process. Exudate 
composition varies between plant species, plant development stages, and environmental 
conditions. This variety targets different rhizosphere microbial community and stimulates 
the growth. Thus, the type of exudate dictates the type of recruited bacteria. This
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specificity is relevant to the plant when growing under stress conditions (Badri et al., 
2009).
26
Figure 1.6 Overview of endophytic bacterial mode of entry into different plant tissues
(Santoyo et al., 2016).
When the entrance to root tissue is not helped by a crack or a wound, bacteria 
need to find the way in. Firstly, the competent endophytes attach to the rhizoplane, solid 
root surface, to get to the entry location.
Once competent endophytes are attached to the roots, they multiply their cell 
numbers by several divisions, resulting in a microcolony (Figure 1.6). The invasive
process starts then from the established microcolony. The enzymatic machinery of the 
microcolony targets the degradation of plant-cell envelopes. After entering the root, 
competent endophytes will have to cross the Casparian strips in the endoderm to 
systemically spread to the above-ground parts of the plant. Inside the plant, competent 
endophytes are capable of responding to plant cues, which induce cellular processes 
required to pass the root cortex and colonize beyond intracellular tissue, with this, 
welcoming the start of their endophytic life stage (Hardoim et al., 2008; McCully, 2001).
The production of endopolygalacturonidases and endoglucanases have been 
reported to be relevant for the root colonization by endophytic bacteria. Genes encoding 
for these enzymes have been identified in Azoarcus sp. BH72 and Burkholderia sp. PsJN, 
respectively (Compant, 2005; Reinhold-Hurek & Hurek, 1998).
When competent endophytes are inside the plant, they can quickly multiply. It is 
thought that endophytes densities are due to their internal growth, rather than a 
continuous invasion. Endophytic population sizes depend and are positive correlated with 
plant developmental stage, progressively increasing from the seedling stage. Some 
reported numbers are 108 cells g-1 in dry weight root tissue, 107 CFU g-1 fresh weight at 
the senescence stage of potato plants and 9 x 1010 cells cm-3 of root and leaf tissue 
(Barraquio, 1997; Chi, 2005; Van Overbeek & van Elsas, 2008).
In order to be successful over the rest of the rhizospheric microbiota, endophytic 
bacteria should have an outstanding competitiveness for colonizing plant tissues and 
acquiring nutrients. Chemotaxis is a way of communication between plants and 
endophytic bacteria. This interaction is crucial in the process of colonizing the root tissue. 
In addition, chemotaxis enables bacteria to identify areas within a microcosm that hold an
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optimum growth environment, maximizing their survival (Santoyo et al., 2016; Scharf 
et al., 2016). Chemotaxis is defined as “the ability of motile bacteria to direct their 
movement in gradients of chemorepellents and chemoattractants” (Ames & Bergman, 
1981). The majority of soil bacteria that have been studied until the date, present 
chemotaxis and motility genes, reaffirming the competitive advantage that these traits 
possess (Scharf et al., 2016).
In the P. fluorescens-tomato relationship, organic acids are the major 
chemoattractant. On the other side, carbohydrates and amino acids are the compounds 
that chemoattract Corynebacterium flavescens and Bacilluspumilus to rice (Bacilio- 
Jimenez, 2003). Bacterial species such as Alcaligenes faecalis and Azospirillum 
brasilense, which are associated with endophytic bacteria, have features like motility and 
polysaccharide production. These traits enable and ease the bacterial colonization of plant 
tissues (Bashan & Holguin, 1995; Haas & Keel, 2003; You et al., 1995). Some other 
reported beneficial soil bacteria that are motile by flagella and sense by chemotaxis are 
Rhizobium leguminosarum and Sinorhizobium meliloti. (Scharf et al., 2016).
1.5.6. Role in Phytoremediation. Several studies have been performed using 
endophytic plant growth-promoting bacteria with the purpose of cleaning up 
contaminated environments. These bacteria are competitive and tend to persist in the 
environment. Features that make them a good strategy for enhancing phytoremediation.
Additionally, there are bacterial endophytes with the ability to resist high 
concentrations of pollutants. These bacteria can also degrade the contaminants, reducing 
the phytotoxic effects, not just for the plants but for the herbivorous fauna near polluted 
sites. On the other side of the partnership, plants contain multiple genetic and
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physiological strategies to handle diverse soil contaminants. In fact, one of the defense 
mechanism of the plant to thrive in contaminated soils, is to recruit bacterial endophytes 
with the necessary enzymatic machinery to break down those pollutants (Santoyo et al., 
2016).
Phytoremediation assisted with microorganism, also known as plant-assisted 
phytoremediation, is a non-conventional remediation technology, accepted as a ‘green 
solution,’ aiming to deal and mitigate problems related with the contamination of the 
environment. Some of those problems are the loss of groundwater quality, soil 
degradation, and the threat to animal, human, and ecosystem health. The main advantages 
of the phytoremediation enhanced with bacterial endophytes are the environmental 
compatibility, low implementation cost, high public acceptability (Hussain et al., 2018).
Phytoremediation can target multiple contaminated phases, such as soil, surface 
waters, groundwater, and air. For this purpose, it uses the natural potential of plants and 
their associated microbes, combining above- and below-ground processes of the plant- 
soil system (Figure 1.4). When using phytoremediation enhanced with endophytic 
bacteria, the pollutants can be detoxified, transformed, extracted, sequestered, or 
assimilated, based on the nature of the pollutant and the type of microbes involved in the 




The main aims and specific hypotheses addressed in this study are stated below.
2.1. GENERAL OBJECTIVE
To identify treatment strategies that may improve plant performance when 
implemented in phytoremediation plots for the purpose of intercepting and treating 
landfill leachate before it reaches the watershed. The outcome of this project aims to 
improve survival and plant fitness in order to enhance its growth and treatment efficacy.
2.2. SPECIFIC OBJECTIVES
• To evaluate five different amendments: control, biochar, biochar and consortium 
1, consortium 1, and consortium 2 and their impact on the growth and health of 
the Poplar trees, during and after the exposure, in order to identify the best 
treatment in terms of plant protection.
o Prediction: The best amendment will be biochar in combination with 
endophyte bacteria since the biochar improves soil quality, creating a 
better environment for plant growth and development of microorganisms. 
While endophytes, protect plants against stresses.
• To evaluate the ability of each system to degrade contaminants by measuring the 
concentration of benzene and PCE in Poplar trees after exposure to five different 
amendments: control, biochar, biochar and consortium 1, consortium 1, and
consortium 2.
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o Prediction: The amendment of biochar and consortium 1 will degrade 
most of the compounds of interest because the biochar supports microbial 
activity in the soils, which promotes the degradation of the contaminants 
of interest, therefore enhancing the bioremediation.
To evaluate the symbiotic relationship of endophyte-poplar trees exposed to 
landfill leachate in order to elucidate the effect of endophyte bacteria in the 
overall plant wellness, as well as in the degradation of the contaminants of 
interest.
o Prediction: The role of endophyte bacteria in the phytoremediation process 
goes beyond the mere degradation of the pollutants, it also involves the 
protection of the plant against the environmental stress that is produced by 
the contaminants.
To correlate the presence of endophytes within plant tissues with protection of the 
tree from stress and degradation of contaminants by monitoring the presence of 
fluorescently labeled bacteria in plant tissue by using microscopy and PCR 
amplification.
o Prediction: Bacteria will be present within plant tissue and will tend to 
move upwards in the plants, from the inoculated area toward the aerial
tissues.
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3. EXPERIMENTAL DESIGN AND METHODS PROJECT 
PHYTOREMEDIATION ENHANCED WITH ENDOPHYTE BACTERIA
3.1. DEFINITION OF EXPERIMENTAL DESIGN
To compare the growth treatment experiments, five replicates were made of each 
of the five amendments for each of the three dosing levels for a total of 75 reactors and 
15 cuttings per amendment. The five different treatments were (Figure 3.1):
• Control: 15 cuttings without bacterial inoculation and planted just in sand 
bioreactors. Identified as C in the labelling system.
• Biochar: 15 cuttings without bacterial inoculation and planted in sand and 
biochar-mixed bioreactors. Identified as B in the labelling system.
• Biochar and Consortium #1: 15 cuttings inoculated with the consortium #1 
and planted in sand and biochar-mixed bioreactors. Identified as BE in the 
labelling system.
• Consortium #1: 15 cuttings inoculated with the consortium #1 and planted 
just in sand bioreactors. Identified as E1 in the labelling system.
• Consortium #2: 15 cuttings inoculated with consortium #2 and planted just 
in sand bioreactors. Identified as E2 in the labelling system.
3.2. GREENHOUSE REACTOR PREPARATION
75 one-liter jars were prepared as reactors for the poplar cuttings. 45 jars were 
prepared as strictly sand reactors, and 30 jars were prepared with a mix of biochar and 
sand. Non-biochar reactors were filled with 1420 grams of play sand. For preparation of 
biochar-containing reactors, 1270 grams of sand and 20 grams of biochar were mixed in a
two-liter jar and funneled into the one-liter jars to evenly distribute the biochar 
throughout. Jars were labeled and wrapped in aluminum foil to deter algal growth. All 
reactors were prepared to have the same volume of contents, despite the differences in 
density and weight per volume, between sand and biochar. Because biochar takes up 
more volume per mass than sand, it takes more mass of sand to fill 1 liter.
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Figure 3.1 Schematic experimental design for rapid screening of enhanced leachate 
phytoremediation. Figure credited to Courtney Munch.
Cuttings of poplar-willow hybrid DN34 were stored in the freezer prior to the 
time of use. 75 cuttings, one per each reactor, approximately 8 inches long were cut and 
randomly chosen, to have indiscriminate diameter (Figure 3.2). The biochar used, was a 
commercial product derived from pine chips (Range Fuels Company, Soperton, GA), 
with the following characteristics: unknown pyrolysis temperature, pH 8.6, 4.8% ash 
content, 310 m2 g-1 BET (Brunauer-Emmett-Teller) surface area was,< 20 A pores
volume, and a water-holding capacity (WHC) of 72% and 259% on wet and dry basis, 
respectively.
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Figure 3.2 Cuttings from Populus sp. DN34 ready to be inoculated.
3.3. COMPOSITION OF MEDIA USED
MG/L and Hoagland solution were the two media used throughout the study.
Table 3.1 Composition of medium MG/L. Source: Jones et al., 2005.
C om ponent /litre
Mannitol 5g





Yeast extract 2.5 g
pH 7.0
Biotin (added after autoclaving from stock at 1 mg/100 ml 
(add 100 pi to  1 litre MG/L)
1 Hg
3.3.1. MG/L. The endophytes used in the phytoremediation system were grown 
in the culture medium MG/L (Table 3.1) plus antibiotics. MG/L agar was used to streak 
the stock culture. 15 grams per liter agar was added to MG/L for preparing agar plates 
MG/L broth was used for the following steps of the growth process (refer to Section 
3.1.4) (Doty et al., 2017; H. Jones et al., 2005).
3.3.2. Hoagland Solution. The Poplar trees used in the phytoremediation system 
were grown in a 10% H353 Hoagland Modified Basal Salt Mixture (PhytoTech LABS) 
solution.
Hoagland solution is a hydroponic complex solution composed by nutrients that 
support the growth of a large variety of plant species. Composition is presented in table
3.2. (Find in appendix product information sheet provided by PhytoTech LABS ) (Doty 
et al., 2017; Hoagland & Snyder, 1933).
35
Table 3.2 Hoagland solution composition. Source: .PhytoTech Laboratories, LLC TM.
Am m onium  Phosphate, M onobasic 115.03
Boric Acid 2.86
Calcium  Nitrate 656.4
Cupric Sulfate-5H20 0.08
Na2 EDTA 2H 20 3.35
Ferrous Sulfate 7H 20 2.5
M agnesium  Sulfate, Anhydrous 240.76
M anganese Chloride 4H 20 1.81
M olybdenum  Trioxide 0.016
Potassium  Nitrate 606.6
Zinc Sulfate 7H20 0.22
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3.4. GROWTH OF ENDOPHYTE CULTURES
The bacteria were isolated and kindly supplied by Dr. Sharon Doty, professor at 
the University of Washington, Seattle. There were three bacterial endophytes: 
Pseudomonas sp.strain PD1, Enterobacter sp. strain PDN3, and Burkholderia sp. strain 
WP40. The original consortium #1 (C1) was a 50:50 mixture of PD1 and PDN3 bacteria 
and the original consortium #2 (C2) was composed of a 67:33 mixture of C1 and WP40. 
All strains are Gram negative bacteria and naturally occurring endophytes. PD1 and 
PDN3 strains, were isolated from Poplar trees, using separate screening experiments 
based on the ability to degrade polycyclic aromatic hydrocarbons (PAHs) (such as 
phenanthrene, naphthalene, and pyrene) and TCE, respectively (Doty et al., 2017; Kang 
et al., 2012; Zareen Khan et al., 2014).
Genetically modified PD1 and PDN3 endophyte bacteria, tagged with plasmids 
coding for either red fluorescent protein (rfp) or green fluorescent protein (gfp), 
respectively, and were also obtained from the Doty lab. These plasmids enable the 
bacteria to fluoresce and provide gentamycin or kanamycin resistance. The new strains 
were designated as rfp-PD1, with red fluorescence and gentamicin-resistant; and gfp- 
PDN3, with green fluorescence and kanamycin-resistant (Figure 3.3 a and b).
The fluorescently labeled bacteria, were used to make up the consortia needed to 
inoculate the poplar trees. Consortium #1 (referenced as E1) is composed of rfp-PD1 and 
g^-PDN3 and is equivalent to the original C1 consortium. Consortium #2 (referenced as 
E2) is a mixture of E1 and the original C2 (PD1, PDN3, and WP40).
To prepare the inocula, rfp-PD1 and g^-PDN3 were reactivated from -80°C stock 
by streaking on MG/L agar plates supplemented with Gentamicin (0.002%) and
Kanamycin (0.005%), respectively, to select for the plasmid. Three separate tubes with 
5 mL of MG/L were inoculated, one with 50 |il of C2, another one with rfP-PD1, and the 
last one with gfP-PDN3. These last two cultures were inoculated directly from the plate 
and all 3 tubes were incubated at 30°C overnight with shaking at 150 RPM. Broth 
cultures containing the fluorescent labelled strains were supplemented with the 
appropriate antibiotic. Cultures were scaled up to 100 mL of MG/L broth, by transferring 
1 ml from the 5 mL culture, and incubated overnight at 30°C with shaking at 150 RPM. 
The bacterial cultures E1 and E2 were mixed and adjusted to a final optical density 
(O.D.) at 600 nm of 0.1 using Thermo Scientific™ GENESYS™ 10S UV-Vis 
spectrophotometer.
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Figure 3.3 Endophytes used for inoculations grown on MG/L agar. rp-PD1 (a.) and gfP- 
PDN3 (b.) fluorescing red and green, respectively.
3.5. ENDOPHYTE INOCULATION
Part of this inoculation process was based on the protocol presented by Doty et al.
2017 and modified for our use.
Cuttings were visually checked for viability and the bottom four inches were 
scarified and sterilized in a beaker of 70% ethanol for two minutes. The cuttings were 
allowed to air dry for an hour, they were then placed in separate beakers and soaked over 
two nights at room temperature in three-inch depth of their respective inoculum. The 
uninoculated cuttings were soaked in uninoculated MG/L medium at room temperature 
for the same time (Figure 3.4). When the period of inoculation was over, the media was 
replaced by 10% Hoagland solution, and the cuttings were left for 3 more days. After 
soaking, the cuttings were transferred into the prepared reactors at a depth of four inches 
(Figure 3.5). The reactors were placed on a bench in the Missouri S&T greenhouse and 
fully randomized after each round of dosing.
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Figure 3.4 Cuttings during the period of inoculation with their respective inoculant
solution.
3.6. DOSING
A 10% Hoagland solution was prepared with 0.136 g of Hoagland Modified Basal 
Salt Mixture and 1 L of deionized water. Reactors were fed with the prepared Hoagland 
solution every three days at approximately the same time to maintain reactors at half
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saturation for one month to establish roots and growth of the cuttings. Half saturation 
is half of the volume which would saturate all pore spaces in the reactor, this volume was 
slightly different for the strictly sand and the biochar-containing reactors.
Figure 3.5 Assembly of the seventy-five bioreactors on a bench in the Missouri S&T
greenhouse.
Goal masses were established for individual reactors and were a sum of the 
wrapped jar mass, the media mass, the cutting mass, and the mass of Hoagland solution 
to maintain half saturation. It is expected that as the cuttings acquired biomass, the 
reactors were filled to slightly below the half saturation point since goal masses remained 
constant throughout the experiment.
After the cuttings were well established, varied-concentration dosing replaced the 
previous feeding of strictly Hoagland solution for one more month. The masses of the 
reactors were taken before and after dosing to estimate evapotranspiration as the 
difference in weight from one measurement to the next. The control dose reactors were 
given strictly Hoagland solution. The low dose reactors were given a solution that was 
72% of 10% Hoagland solution, 20% leachate, 5% saturated perchloroethylene (PCE) 
solution, and 3% saturated benzene solution by volume. The high dose reactors were
given a solution that was 16% of 10% Hoagland solution, 60% leachate, 15% saturated 
PCE solution, and 9% saturated benzene solution by volume (Figure 3.1). The solutions 
were added every three days until the soil reached half saturation. Plants were watered 
and were also rearranged randomly every time they were watered.
Leachate for this experiment came from Prairie Hill Landfill outside Cuba, MO 
(see chemical composition of the leachate in the appendix) and was stored at room 
temperature in the lab at Missouri S&T, due to limited cold storage for the large volumes 
of the leachate. Leachate stock solution was mixed vigorously before the dosing volume 
was removed. Saturated benzene and PCE solutions were added to the leachate to 
reintroduce the BTEX and chlorinated solvents that likely volatilized off of the solution 
prior to dosing.
3.7. PLANT IMAGING
Hyperspectral imaging, plant computer vision, and digital imaging of root traits 
were the three technologies used in this study for imaging the plants.
3.7.1. Hyperspectral Imaging. Hyperspectral images were collected in order to 
monitor plant responses to stress, based on the spectral reflectance measured in the 
visible (400-700 nm) and near infrared (NIR, 700-1000 nm).
Hyperspectral sensing uses those specific wavelengths (400-1000 nm) to 
correlate them with biochemical or structural features of plant leaves and consequently, 
quantify biochemical and physiological responses (D. Williams et al., 2017). This 
imaging technology was chosen assuming that the effect of the different amendments and 
the three dosages was going to be reflected on the plant features.
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Images were obtained on the campus of Missouri University of Science and 
Technology (Rolla, MO, USA) in an area with controlled lighting conditions. A full- 
spectrum halogen lamp acted as the source for artificial sunlight. Plants were imaged with 
a Headwall (Bolton, MA, USA) Nano-Hyperspec hyperspectral camera 2 m away from 
the plants (Figure 3.6). This camera measures light intensity in digital numbers (DN) 
between 400 -  1000 nm and has a spectral resolution of roughly 2 nm, resulting in 274 
bands. It is a line scanner camera, meaning it must move to create the image line-by-line 
and is on a custom-built gantry system that moves at 0.011 m s-1.
Gain and offset calibration were performed by taking a dark reference with the 
lens cap of the camera on, and a white reference with a 0.254 m x 0.254 m Labsphere 
(North Sutton, NH) SpectralonO white reflectance panel that evenly reflects 99% of light. 
This converts the DN to radiance, or how much energy is radiating from the subject. In 
indoor conditions with artificial sunlight and no atmospheric interference, this is 
essentially the same as reflectance and is ready for analysis.
All groups were imaged at the same time and subsequently broken up into 
individual plant subsets to be treated separately. Subsets were converted from a .dat file 
to a TIFF and a Multiplicative Scattering Correction (MSC) was applied in Python (ver. 
3.7; Python Software Foundation). MSC corrects for atmospheric and internal scattering 
by taking the average reflectance of each scene and correcting the spectra to that mean. 
This Python script also normalizes the data between 0 and 1 and applies smoothing to the 
spectra. The resulting MSC-corrected TIFFs were converted back to .dat files for further 
pre-processing in ENVI+IDL (ver. 5.5; L3Harris Geospatial, Broomfield, CO, USA). 
Regions of Interest (ROI) for each class in the image were manually created in ENVI to
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be used in Support Vector Machine (SVM) supervised classification. Classes include 
vegetation, background, shadow, soil, and aluminum foil (that covered the reactors).
IDL was used for batch scripting of the images in order to automate processing. 
First, the training image used to create the ROIs was used in SVM to generate a classifier 
that is applied to all other images. All classes less the vegetation class were removed 
yielding masked images that contain only vegetation. Masked images were then diced 
into nine dices and the average spectra of each dice was extracted. Thirty-five reflectance 
indices were calculated for each dice and output to a text file.
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Figure 3.6 Hyperspectral imaging. a. Set up. Imaging of four plants with a fourth months’ 
growth period in their bioreactors. b. Example of one of picture taken with the Nano-
Hyperspec hyperspectral camera.
3.7.2. Plant Computer Vision (PlantCV). Images were collected in the 
greenhouse of Missouri University of Science and Technology (Rolla, MO, USA) using 
PlantCV, a high-throughput plant phenotyping platform, in order to assess the 
performance of the five evaluated amendments. Measuring specific phenotypes produced 
by PlantCV, offers the ability to study quantitatively how plant physiology is altered by 
its environment and amendment strategies. The ability to translate these phenotypes into 
actionable information requires artificial intelligence to identify traits and combination of 
traits related to plant performance.
Plant imaging was conducted after a four months growing period, right before the 
harvest. Plants were imaged by manually loading individual plants into a constructed 
hexagon-shaped chamber (Figure 3.7). The hexagon chamber (130 cm height and 60 cm 
of each hexagonal side) was constructed from polyvinyl chloride (PVC) pipe framing and 
covered with white fabrics. Three Raspberry Pi cameras are affixed to the chamber and 
set up to simultaneously image one top-view and two side-views approximately 90° angle 
apart for each plant loaded to the chamber. The chamber has a color-checker card affixed 
to its wall next to the plant as a color reference and correction. Images were acquired by 
transferring the three simultaneously captured images from the three Raspberry Pis to a 
master Raspberry Pi which will act as the interface for the imaging chamber.
Raw .png images were analyzed using Plant Computer Vision (PlantCV 
v3.0.dev2) (Fahlgren, 2015; Gehan, 2017). To extract a quantitative trait from a given 
image, various mask generation methods were applied to segment out the plant material 
from the background. Then, a pipeline was developed for the side-view and top-view 
images separately to measure 12 morphological attributes including area, height, width,
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perimeter, convex-hull properties, and other parameters. Color traits were also 
extracted using the final masked plant material, and for each identified plant pixel (px), 
color intensity recorded by PlantCV for RGB (red, green, blue) channels, HSV (hue, 
saturation, value), and LAB (lightness, greenmagenta, blue-yellow). Data files were then 
created to contain shape and color acquired information.
The statistical analysis was performed using the experimental variable 
(amendments) as well as data collected from the PlantCV data. This analysis was 
performed to test the strength of association between the independent variables and the 
PlantCV metrics for Populus sp. yield and health.
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Figure 3.7 Computer vision set up. Imaging chamber with three Raspberry Pi cameras 
attached, capturing a Populus sp. plant with a fourth months growth period in its
bioreactors.
45
3.7.3. Digital Imaging of Root Traits (DIRT). Images were obtained on the 
campus of Missouri University of Science and Technology (Rolla, MO, USA) in order to 
be run by DIRT platform, a high-throughput computing and collaboration application. 
DIRT is an online technology that characterizes and measures dicot and monocot root 
traits, enabling the estimation and analysis of root phenotypes.
a.
Figure 3.8 DIRT imaging. a. Set up. Root images were taken during the harvesting day. 
b. Example of one of the pictures taken with the DIRT set up.
Images are uploaded to DIRT and compared with a large-scale compute commons 
from other users, resulting in the automatic estimation of 78 traits in total (Abhiram et 
al.,2015).
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Quantifying the specific traits produced by DIRT, enables the ability to study 
the effect of environment and amendment strategies on root phenotypes.
This imaging was the only process performed after harvesting (section 2.1.7). 
Nikon (D3500 W/ AF-P DX NIKKOR 18-55mm f/3.5-5.6G VR) camera was used to 
take the pictures.
The camera was placed on a tripod, 1.5 m away from the roots. Perfectly rinsed 
roots were placed on a chalk board, which was on the floor. In the bottom right corner of 
the board, a color-checker card was affixed as a color reference and correction (Figure 
3.8). The protocol that was followed for processing the images was proposed by Abhiram 
et al. (2015).
3.8. HARVESTING
Once plants completed the four month period of growth, four months, bioreactors 
were disassembled. A soil core sample was taken before harvesting of the plant to test for 
microbial presence of introduced bacteria in each bioreactor. Final masses of the reactors 
were recorded to calculate the final evapotranspiration loss. Plants in reactors were 
determined to be alive or dead based on whether there was visible green biomass on the 
plant. The plants considered alive were removed from the reactors gently to avoid 
shearing or damaging of roots. The cuttings were cut at one centimeter above the soil 
level. Soil was then gently washed off of the roots using a squirt bottle. From here, DIRT 
(Section 2.1.6.3) was performed.
The stems of new growth were removed from the original cutting at the base of 
the new stem and stripped of leaves. The number of leaves and branches removed were
recorded. All roots were carefully removed and weighed. Leaf and stem wet masses 
were measured, and all the roots, leaves, and stems were placed in paper bags for two 
weeks, at which point dry masses were measured.
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Figure 3.9 Specific locations in plant for testing.
Samples were taken from the plants at multiple locations. Figure 3.9 gives a 
diagram showing the specific locations for testing. Sample 1 was taken from the roots, 
sample 2 was taken at the intersection of the cutting and the root, sample 3 was taken as a 
cross section of the cutting, sample 4 was taken at the intersection of the cutting and the 
lowest branch, sample 5 was taken from the lowest branch at the intersection with the 
petiole of the first leaf, sample 6 was the first leaf, sample 7 was a cross section farther up 
the cutting, and sample 8 was a sand core taken from the soil of the bioreactor using a 
plastic straw. All 8 samples were placed in individually labeled small, sealed, plastic bags
and stored in a -20°C freezer for later testing of microbial presence in the plant by 
DNA extraction and microscopy visualization.
Samples 3 and 7 were split in two and placed in labeled chromatography vials to 
allow half of the cross section to be tested for common leachate pollutants. This step was 
performed in duplicate with two vials per sample. The vials were placed directly into the 
-20°C freezer to allow for gas chromatography-mass spectroscopy (GC-MS) to be 
performed on the respective samples later. Samples 3 and 7 were tested for both BTEX 
and Cl-VOC compounds.
3.9. VERIFICATION OF COLONIZATION ABILITY
Bacterial colonization ability was verified through microscopy and molecular 
genetic techniques.
3.9.1. Visual Verification. Several steps were performed in order to prepare the 
slides with plant tissue that were observed by confocal microscopy.
3.9.1.1. Cutting of plant sample. Plants stored at -20°C were taken out and 
processed on ice trays to keep the tissue cold. All 7 samples were cut in order to fit the 
bottom of a labeled embedding mold (Figure 3.10).
Samples 1 and 5 were cut with a razor blade. Sample 1 was taken from the tip of 
the roots, choosing randomly 4 roots and cutting approximately 1cm long. Samples of 
woody tissue such as 2, 3, and 7, the bark was removed and approximately 1 cm high 
cross section was cut using a razor blade or a rotary tool with 1.5 inch cut-off wheel 
depending on the thickness and hardness of the sample. The bark of sample 4 was 
removed as well and a razor blade was used to cut right on the intersection of the stem
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and the branch (Figure 3.11). Sample 6 was made with a 6 mm biopsy punch at the 
bottom of the leaf. All 7 samples were placed inside the mold facing down and centered.
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Figure 3.10 Rack of embedding molds with the 7 samples from E2-8 plant over ice tray.
Figure 3.11 Cutting process for sample #4.Removed bark and woody tissue with a 
branch. Arrow represents the exact place where the razor blade was used to cut the 
branch off. b. Woody tissue without the branch. c. Sample used to place on the
embedding mold.
3.9.I.2. Embedding of plant tissue plant sample. The followed protocol was 
established by Gierlinger et al. (2012) for cryosectioning. Some procedures were adapted
for our use.
Once the 7 samples were oriented on the plane surface of the embedding molds, 
the embedding process was started. Phosphate Buffered Saline 1X (PBS) was used as the 
embedding medium.
To ensure that the piece of the plant tissue remained in place without floating and 
as close to the bottom of the mold as possible, this process was performed in multiple 
steps creating layers. First, approximately 20 |il of PBS were added to the sample. This 
volume was adjusted depending on the weight of the sample to be just enough to glue the 
sample to the mold. The rack was placed in the -80°C freezer until completely frozen. 50 
|il more of PBS were added to the samples and were let to freeze in the -80°C freezer.
The same process was repeated again but increasing the volumes, then 200 |il were added 
a couple of times followed by the addition of 500 ^l and 1000 |il until reaching the top of 
the mold and a block of Frozen PBS was formed (Figure 3.12).
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Figure 3.12 Arrangement of molds with embedded frozen samples. Two separated plants 
(14 samples) per box kept in the -80C freezer.
Molds were boxed (Figure 3.12) and kept in the -80°C freezer until 
cryosectioned, and the samples of the plants were put back in the -20C freezer.
3.9.I.3. Cryostat microtome slicing. This step was performed using a Leica 
CM1860 Cryostat (Figure 3.13a). Its temperature was preset at -25C and the thickness of 
the cryostat adapter was set to cut at 10 |im for soft tissue (samples 1,4,5, and 6) and 15 
|im for woody tissue (samples 2,3, and 7).Each sample was cryosectioned in order to 
place it onto a Superfrost slide and visualize the plant tissue under a microscope.
Each plant was processed separately, and the same process was performed to all 
seven samples entirely inside the cryostat. The PBS frozen block was carefully removed 
from the embedding mold and was mounted onto the specimen disk by adding to it the 
Optimal Cutting Temperature (OCT) compound, a tissue freezing medium that solidifies 
below -10°C (Figure 3.13b).
The block was allowed to adhere to the specimen disk for two minutes. It was 
then transferred to the specimen holder, and it was secured with the specimen adjustment 
clamp (Figure 3.13c). The blade holder stage was adjusted as well, and the cutting hand­
wheel was used to bring the microtome blade close to the plant tissue and slice it. The 
anti-roll bar was used in order to obtain a flat tissue still surrounded by frozen PBS 
(Figure 3.13d).
Once the sample was cut, it was placed onto a labelled superfrost slide by placing 
the frozen sample on top of the slide with frost and picking it up (Figure 3.13d). Two 
slides per sample were made. The slides were stored in a slide box, and the PBS frozen 
blocks were unmounted, put back in the original molds, and everything was placed inside 




Figure 3.13 Graphic representation of cryostat microtome slicing. a. Cryostat. b. Frozen 
block with an embedded plant tissue sample and specimen disk. The arrow indicates that 
the block will be mounted onto the specimen using OCT. c. Frozen block on the 
specimen holder (red arrow). The black arrow points to the specimen adjustment clamp, 
the blue arrow points to the blade holder stage, the green arrow points to the anti-roll bar. 
d. The sliced sample over the metal stage and then transferred onto a Superfrost slide.
3.9.I.4. Slides observation. The slides were taken out of the -80°C freezer and 
were allowed to defrost. A coverslip was placed on top of the sample and sealed with
transparent nail polish.
The slides from inoculated plants, labelled with E1, E2, and BE, were observed 
in a Nikon Ti2 Inverted Research Eclipse microscope with AR1HD Confocal imaging 
system from Nikon using Elements software and a four channel High Sensitivity/GaAsP 
PMT detector unit (Figure 3.14).
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Figure 3.14 Nikon Ti2 Inverted Research Eclipse Microscope. Equipped with AR1HD 
Confocal imaging system from Nikon using Elements software and a four channel High-
Sensitivity/GaAsP PMT detector unit.
The objective used was 60x Plan Apo with NA 1.4.The lasers used were TRITC 
at a wavelength of 583-588 nm, which is the emission wavelength of rfp-PD1, and FITC 
at a wavelength of 509 nm, which is the emission wavelength of gfP-PDN3. Slides from
uninoculated plants were observed with the Leica DM500 LED Biological Microscope 
with ICC50W Camera Module under 100x objective.
3.9.2. Genetic Verification. Several steps were performed in order to observe the 
PCR products in the gel electrophoresis.
3.9.2.I. Tissue homogenizing. The same process of cutting plant tissue followed 
in step 3.1.8.1 was performed with the 7 samples from each plant. Once the tissues were 
cut, they were surface-sterilized by soaking them in 10% sodium hypochlorite for 10 
minutes and then rinsing with distilled water 4 times.
The sterilized tissues were placed in separate ceramic mortars and liquid nitrogen 
was added directly to the sample to freeze it, using a full stainless-steel ladle. A pestle 
was used to homogenize the frozen tissue by crushing it down. This process was repeated 
until the samples were completely pulverized (Figure 3.15). This powder was the raw 
material used for DNA extraction.
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Figure 3.15 Powder of plant tissue after being frozen with liquid nitrogen.
3.9.2.2. DNA extraction and PCR. DNA extraction was performed following 
the protocol of the kit NucleoSpin Plant II ®. The concentration of the extracted DNA 
was measured using the NanoDrop™ OneC (Thermo Fischer Scientific) and A260 
absorbance was used to calculate the concentration. The DNA extracted was used as the 
DNA template to perform a Polymerase chain reaction (PCR). First, as a control for the 
Plant DNA extraction, plant universal primers ITS-u1 (Forward) and ITS-u4 (Reverse) 
were used for the PCR reaction, with an expected length of 745 base pairs (bp) (Cheng et 
al., 2016).
Once the success of the NucleoSpin Plant II ® kit was demonstrated, PCR was 
run using the universal primers 27F and 1492R to amplify the 16S ribosomal RNA gene 
(16S rRNA), expecting a 1500 bp length band. Specific primers to amplify a segment of 
the genome of endophytic bacteria rfp-PD1 and gfP-PDN3 were also used in the PCR.
The specific primers sequences for the PD1 and PDN3 were kindly provided by Dr. 
Andrea Firrincieli. For PD1, the forward primer was GCGCCAAACAGACCAATGAC 
and the reverse primer was CCAAGCTTAGCTGGCACTTG, the expected product 
length was 189 bp. For PDN3, the forward primer was TGGAGGCGGTAGTTACAGT 
and the reverse primer CCCCATCAAACTGATACGCT, the expected product length 
was 153 bp.
The PCR reaction was composed of 2 |iL of forward (F) primer, 2 |iL of reverse 
(R) primer with a final concentration of 0.01 |iM, 10 |iL of Bullseye Taq Plus Master 
Mix (2X) (MIDSCI), 2 |iL of DNA template, and 4 |iL of Milli-Q water, for a total 
volume reaction of 20^L. The thermocycling conditions included: initial denaturation at 
95°C for 3 minutes, followed by 29 cycles of denaturation at 95°C for 30 seconds,
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annealing at 56°C for 30 seconds, and extension at 72°C for 1 minute, a final extension 
phase performed at 72°C for 1 minute, and infinite 12°C incubation.
2 |iL of the PCR products per sample per plant were run in 0.8% agarose 
electrophoresis gel in addition to the X Hind III DNA ladder at 100 mA for one hour.
3.10. GAS CHROMATOGRAPHY-MASS SPECTROSCOPY
Samples 3 and 7 (Figure 3.9) from all the surviving plants, for each of the 5 soil 
treatments, were overnight equilibrated in their chromatography glass vials with room 
temperature at the Center for Research in Energy and Environment (CREE) at the 
Missouri University of Science and Technology (Missouri S&T). Samples were tested for 
benzene, toluene, ethylbenzene, and xylene (BTEX) and tetrachloroethylene (PCE) and 
trichloroethylene (TCE) as chlorinated volatile organic compounds (Cl-VOCs). The 
headspace in samples was analyzed by gas chromatograph (GC) using an Agilent 7890 
gas chromatograph (Agilent Technologies, Inc., Santa Clara, California) equipped with a 
microelectron-capture detector (^ECD) fitted with a CombiPAL solid-phase micro­
extraction (SPME) fiber auto sampler with a 100 p,m polydimethylsiloxane (PDMS) 
SPME fiber (Figure 3.16) (Wilson et al., 2017). Different fibers were used per 
constituents. All concentrations in samples were reported as mass of constituent per 
volume of water in the tree core using a mass balance approach to account for 
partitioning of constituents into tree tissue. The method detection levels (MDLs) for PCE 
and TCE were previously determined to be 0.47 and 7.7 ng/L (ppt), respectively. Method 




Figure 3.16 Agilent Intelligent 7890a gas chromatograph (GC) system. The zoomed 
Figure presents the chromatography vials with plants samples inside them, which were
loaded in the GC.
3.11. STATISTICAL ANALYSIS.
The data obtained were analyzed by Microsoft excel (Microsoft®, 2016), for 
setting average, standard deviation, normality, and t-test. Statistically significant 
differences between amendments were determined using t-test, with p values of 0.05. The 
Bonferroni correction was used to adjust the alpha value, in order to avoid spurious 
positives (Weisstein, 2020). Statistical analysis was applied to total mass change of 
plants, total gained biomass, and results obtained with PlantCV data.
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4. RESULTS PHYTOREMEDIATION ENHANCED WITH ENDOPHYTE
BACTERIA
4.1. EVALUATION OF THE AMENDMENTS BASED ON PLANT 
PROTECTION
Plant survival, plant growth, and observable plant phenotype were the parameters 
used to evaluate plant health.
4.1.1. Plant Survival Data. The number of plants that survived over time per 
amendment and per dosage is presented on Table 4.1. All amendments started with 5 
plants per dosage. Over time, most of the subsets of treatments lost plants. All the 
amendments except for E2, started to lose plants on day 14. The only amendment that 
kept complete subsets of plants was E2 in the low dosage. The only two amendments 
that, at the end of the experiment, had just one representative were B and BE, both in the 
control dosage. Therefore, B and BE were the 2 amendments with the lowest final 
number of surviving plants. Survival data suggests that E2 was the only amendment that 
had a positive effect on plant protection, since this amendment was the only with greater 
final number of plants (over time) compared to the control.
Additionally, for none of the amendments did the subset of plants set as control 
(watered just with Hoagland solution) present a greater number of surviving plants, at the 
end of the experiment, compared with the other 2 dosages. This somewhat contradicts the 
expected results. If plants are not exposed to a stressor, they should have the greater 
number of survivors. Although there were variations in the survival between 
amendments, results did not correlate with the contaminants (given by the dosage
concentration) nor the amendment with respect to plant performance. Therefore, the 
results are inconclusive since they did not present any specific trend or behavior.
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Table 4.1 Plants survival over time per amendment.
4 4 4 4 4 4 4 4 4 4 4
4.1.2. Effect of the Amendments on Poplar Trees Growth in the Presence of 
Leachate. The total mass change of the Poplar trees was positively correlated with their 
evapotranspiration (ET) rates for all amendments. Figure 4.1 models the relationship 
between total mass change and ET rates with a linear regression with a strong correlation 
coefficient of 0.9977.
Figures 4.2 and 4.3 present the cumulative mass change over time. The first one 
separated by amendments (average of the three dosages) and the second one by levels of 
dosage (average of the 5 amendments). Both Figures show that under those treatments, 
the plants were able to grow and had an increase in mass over time. Figure 4.2 shows 
minimal observable differences in plant growth between amendments with all
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amendments showing greater increase in mass compared to control but the differences 
do not appear to be significant. In Figure 4.3, however, it is apparent that the rate of mass 





























Figure 4.1 Evapotranspiration (ET) rate vs. total mass change. The data from all 3 
dosages was averaged. ^B= biochar, • BE= biochar and consortia #1, • C= control, • E1=
consortia #1, and • E2= consortia #2.
Figure 4.4 and 4.5 present the average change in weight of the bioreactors at the 
end of the experiment. The first one, presents the three dosages in all the amendments 
and the second one, the average of the three dosages for the five amendments. None of 
the Figures show a statistically significant difference between the amendments or the 
dosages, in terms of growth. T- test did not show either, statistically significant difference 
(results not shown).
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Figure 4.2 Cumulative mass change per amendment over time. The data from all 3 
dosages was averaged. B= biochar; BE= biochar and consortia #1, C= control, E1=
consortia 1, and E2= consortia #2.
Figure 4.3 Cumulative mass change per dosage over time. The data from all 5 
amendments was averaged. c= control dosage, l= low dosage, h= high dosage.
In Figure 4.4, there is a clearly visible trend for all the amendments, in which 
the dosage with highest mass change, is the control, followed by the low dosage, and the 
least mass change are the high dosage. This Figure is supported by Figure 4.3. The only 
total mass change value that resulted less than the value of the control was E2 with high 
dosage, this could suggest that E2 amendment instead of helping the plant, was 
detrimental. However, E2 with the other two dosages, control and low, presented values 












Figure 4.4 Total mass change (Kg) per amendment with the different dosages. B= 
biochar; BE= biochar and consortia #1, C= control, E1= consortia 1, and E2= consortia 
#2. c= control dosage, l= low dosage, h= high dosage. Error bars represent 1 standard
error.
Even though the results shown in Figure 4.5 are not statistically significant, 
visually, the control has the lowest mass change, followed by E2, and then E1. The best 
two treatments were the ones amended with biochar. BE, the amendment that resulted in 
the highest total mass change, appears to be the amendment that protected the plants
most, as was hypothesized. However, this was different from what was observed for 
the total biomass (Figure 4.6). These results do not support the hypothesis that BE was 
going to be the amendment that resulted in the most growth.
Evaluating just the performance of the bacterial endophytes, none of the consortia 
was outstanding. In Figure 4.5, B had higher total mass change than both E1, and E2. 
Although in Figure 4.6, E1 presented the highest value of roots and total biomass (shoot 
+ root), there was just a slight increase compared to B (the amendment without 
endophytes) which had the highest value of shoot mass. An increase in root biomass is 
one of the outcomes associated with inoculation with endophytes (Doty et al., 2017; Z. 
Khan et al., 2012, 2015). Overall, results are not statistically significant and inconclusive.
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B BE C E1 E2
Amendments
Figure 4.5 Total mass change (Kg) per amendment. The data from all 3 dosages was 
averaged. B= biochar; BE= biochar and consortia #1, C= control, E1= consortia #1, and 
E2= consortia #2. Error bars represent 1 standard error.
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Figure 4.6 Total biomass presented as shoot (g) and root (g) per amendment. The data 
from all 3 dosages was averaged. B= biochar; BE= biochar and consortia #1, C= control, 
El= consortia 1, and E2= consortia #2. Error bars represent 1 standard error.
4.1.3. Effect of the Amendments on Observable Plant Phenotypes in the 
Presence of Leachate. Plant health was evaluated through PlantCV and the observation 
of physical traits.
4.1.3.1. Plant computer vision evaluates changes in plant perimeter. Right 
before harvesting, plants were imaged to be analyzed by computer vision (CV). One of 
the measured phenotype traits was the perimeter of individual plants. Figure 4.7 presents 
the perimeter in pixels (px) (1px= 0.26mm) of the plants that were alive at the time of 
harvesting, per amendment, averaged per dosage. Even though the results shown are not 
statistically significant, visually, some results can be highlighted.
Plants with the E2 amendment under control dosage were the ones with the 
highest perimeter values and plants of control amendment under low dosage were the 
ones with the lowest perimeter values. The only amendment that presented higher
perimeter values in all the dosages compared to the control was Biochar. But, its values 
for low dosage are lower than high dosage, which is the opposite of what was expected.
The higher the dosage, the more stress for the plant, which is reflected in the 
biomass; thus, lower perimeter. E2 was the only amendment that followed that expected 
trend: The highest perimeter value for the control dosage and the lowest value for high 
dosage.
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Figure 4.7 Plant perimeter (px) per amendment with the different dosages. B= biochar; 
BE= biochar and consortia #1, C= control, El= consortia 1, and E2= consortia #2. c= 
control dosage, l= low dosage, h= high dosage. Error bars represent 1 standard error.
Although there were some variations in the plant perimeter between amendments, 
results did no correlate with the effect of the contaminants (given by the dosage 
concentration) or the amendments with respect to plant performance. Results are 
inconclusive since they did not present any specific trend or behavior.
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4.I.3.2. Visual appearance of plants exposed to different amendments as a 
measure of plant health. Observing a plant with the naked eye can provide a broad view 
of the plant physical traits and can reflect its health.
Table 4.2 presents photos of some plants that were exposed to the amendments 
and dosages studied in this research. Table 4.2 shows just some plant exemplars and it is 
used to present the visual traits that the studied poplar trees presented over the time of the 
growing period.
Complete necrosis was presented in all amendments, irrespective of the dosage. 
Table 4.2 presents the total necrosis in the amendments B (at control dosage), BE (at high 
dosage), and C (at control dosage). Amendment B and E1 presented the healthiest plants 
of this set of pictures. Wilted leaves and vein clearing were the traits that repeated 
consistantly in all amendments and dosages. Leaf curling was the main trait presented in 
plants exposed to high dosage of landfill leachate and defoliation was the main trait in 
plants exposed to low dosage of landfill leachate. Overall, plants exposed to high dosage 
were shorter and plants exposed to low dosage presented the longest branches.
4.2. EVALUATION OF THE AMENDMENTS BASED ON CONTAMINANT 
UPTAKE OR DEGRADATION
The data from the GC-MS analysis for all contaminants tested is presented in the 
Figures from 4.8 to 4.13. The control plants, which were not dosed with any 
contaminants in none of the amendments, should not have any contaminants present. 
However, as seen in Figures 4.8, 4.10, and 4.12 most of them showed PCE, TCE, and
BTEX contamination.
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If the data presented in Figures 4.8, 4.10, and 4.12 are not valid, then the data 
showed in Figures 4.9, 4.11, and 4.13, are not reliable. Therefore, the data was 
inconclusive and it cannot be used for further analysis or to support the hypothesis.
Table 4.2 Photos of plants exposed to the five different amendments and the description 
of their physical traits. Pictures were taken at 2 months (Day 60) of the growing period. 




Medium to high leaf 
size from top to bottom. 
Healthy looking leaves 
on top and dark-green, 
wilt leaves with slight 
curling on bottom. One 
long branch
Big healthy looking 
leaves on top. Wilt 
leaves on the bottom, 
dark-green color, some 
some with vein 
clearing. Long branch
68
Table 4.2 Photos of plants exposed to the five different amendments and the 
description of their physical traits. Pictures were taken at 2 months (Day 60) of the 
growing period. B= biochar; BE= biochar and consortia #1, C= control, El= consortia 1,
and E2= consortia #2. (Continuation).
Plant
Amendment Dosage PictureNumber Description
Healthy looking leaves 
on top o f  medium size.
Defoliation. Necrotic 
leaves and some small 
(new) leaves on bottom.




Table 4.2 Photos of plants exposed to the five different amendments and the 
description of their physical traits. Pictures were taken at 2 months (Day 60) of the 
growing period. B= biochar; BE= biochar and consortia #1, C= control, El= consortia 1,
and E2= consortia #2. (Continuation).
Picture Description
Almost complete 
necrosis. One wilt green 
branch at the bottom 
with couple o f light 





Medium size leaves. 
Some small (new) 
leaves on top. Some 
healthy leaves, some 
other wilt with necrotic 




Healthy looking plant. 
Medium size leaves. 
Abundant leave growth 
from top to bottom.
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Table 4.2 Photos of plants exposed to the five different amendments and the description 
of their physical traits. Pictures were taken at 2 months (Day 60) of the growing period. 








0 T C E  in P C E
Figure 4.8 TCE and PCE per amendment with the different dosage. *B= biochar, *BE= 
biochar and consortia #1, *C= control, *E1= consortia #1, and *E2= consortia #2.
4.2.1. TCE and PCE GC-MS Analysis of Shoots (Sample 3 and 7) per 
Amendment. The data from the GC-MS analysis for TCE and PCE is presented in the 
Figure 4.8 per amendment with the different dosage (average of the plants that were alive 
at harvesting time) and, in Figure 4.9, per amendment (average of the three dosages). In 
each figure, the E1 and E2 amendments show the highest levels of contaminants relative 
to the control treatment.
4.2.2. BTEX GC-MS Analysis of Shoots (Sample 3 and 7) per Amendment.
The data from the GC-MS analysis for benzene is presented in the Figures 4.10 per 
amendment with the different dosages (average of the plants that were alive at harvesting 
time) and in the Figure 4.11 per amendment (average of the three dosages).
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Figure 4.9 TCE and PCE per amendment. The data from all 3 dosages was averaged. . 
•B= biochar, *BE= biochar and consortia #1, *C= control, *E1= consortia #1, and *E2=
consortia #2.
Figure 4.12 presents the data from the GC-MS analysis for BTEX per amendment 
with the different dosage, and Figure 4.13 just per amendment.
In each case, the E1 amendment demonstrates the highest level of benzene and 
BTEX accumulation and the B (biochar) amendment demonstrates the next highest level 
of contaminant accumulation. In all cases, the E2 amendment demonstrates the lowest 
level of contaminant accumulation. However, the presence of contaminant in the control 
samples renders these observations inconclusive.
4.3. VERIFICATION OF rfp -P D 1  and g fp -P D N 3  COLONIZATION OF POPLAR 
TREES
Bacterial colonization ability was verified through microscopy and molecular
genetic techniques.
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Figure 4.10 Benzene per amendment with the different dosage. *B= biochar, • BE= 













Figure 4.11 Benzene per amendment. *B= biochar, *BE= biochar and consortia #1, *C 
control, *E1= consortia #1, and *E2= consortia #2.
74
Figure 4.12 BTEX per amendment with the different dosages. *B= biochar, *BE= 
biochar and consortia #1, *C= control, *E1= consortia #1, and *E2= consortia #2.
Figure 4.13 BTEX per amendment. The data from all 3 dosages was averaged. *B= 
biochar, *BE= biochar and consortia #1, *C= control, *E1= consortia #1, and *E2=
consortia #2.
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4.3.1. Visual Verification Through Confocal Microscopy of Plants Tissues.
In order to test the fluorescence of rp-PD1 and gfP-PDN3 before inoculating the poplar 
tree cuttings, slides with the bacteria were prepared and visualized using Nikon Ti2 
Inverted Research Eclipse microscope. Figure 4.14a. and b. present bacterial cells of rfp- 
PD1 and g^-PDN3, respectively.
Figure 4.15 presents two different plant tissue, from roots (Figure 4.15a.) and 
from a leaf (Figure 4.15b.). These two images show what appears to be the fluorescence 
expressed by the bacteria.
Figure 4.14 Fluorescent bacterial cells. a. rfp-PD1. b. gfb-PDN3.
In Figure 4.15a. individual cells with the proper average bacterial size (0.4-3 |im3 
(Levin & Angert, 2015)) are not clearly identified and fluorescence seem to be like 
scattered tiny points. On the other hand, the red and green fluorescence observed in 
Figure 4.15b., seem to be the correct bacterial cell size and some larger spots may
represent small colonies. These observations are a good indication of the leaf 
colonization of rfp-PD1 and gfp-PDN3.
4.3.2. Genetic Verification Through DNA Extraction and PCR from Plant 
Tissues. An alternative approach to detect the presence of the endophytes in various plant 
tissues was through DNA amplification using PCR primers specific to each endophyte. 
Table 4.2 summarizes the PCR results.
PCR analysis revealed the presence of endophytes in several plant tissues 




Figure 4.15 Colonization of plant tissue by rp-PD1 and g^-PDN3. a. sample #1 (roots) 
from BE3 plant. b. sample #1 (leaf) from BE3 plant. Arrows point to cells inside plant
tissue.
77
However, several tissues from plants which were not inoculated with 
endophytes also produced a positive result. This may indicate cross contamination during 
the inoculation process or endophytes acquired during the growth period or 
contamination during the DNA extraction. These observations render these results 
inconclusive.
Table 4.3 PCR products results summary. Five to six different plants per amendment and 8 different plant tissue samples per plant. 
B= biochar; BE= biochar and consortia #1, C= control, E1= consortia 1, and E2= consortia #2. Primers used: ITS-u1(F) and ITS- 
u4(R) (plant universal primers), rfp-PD1 F and R, (rfp-PD1 specific primers), g^-PDN3 F and R (g^-PDN3 specific primers), and 
27F and 1492R (universal primers).Positive results are represented with +, ++, or +++, according with the intensity of the band. 
Negative results are represented by leaving the box empty. +/- represents a positive for the bacterial primers but negative for the 
control primers. +/? Represents a positive result for bacterial primers when bacteria should not be present.
ITS iil(F) and ITShi4(R) 
 ̂ 4 rjp -PD 1 F and R_______
U S-ul(F) and fTS-u4(R)
11 . rjp -PD 1 F and R______
U '  PDN3F and R
“  27F and 1392R________
ITS-ul(F) ind ITSu4(R) 
rjp PD 1 F and R 
\gfp PDN } F and R
2~F and 1392R________
ITS-tUfF) and FTS-<|4(K)
rrS-ul(F) ind ITS-u-KR) 
r J p f D l  F»ndR 




5. DISCUSSION PHYTOREMEDIATION ENHANCED WITH ENDOPHYTE
BACTERIA
5.1. EVALUATION OF THE AMENDMENTS BASED ON PLANTS 
PROTECTION
Plant survival, plant growth, and observable plant phenotype were the parameters 
used to evaluate plant health.
5.1.1. Plant Survival Data. Plants face a wide diversity of environmental 
stressors that often cannot be controlled, especially if the plants are growing on a field 
scale. Some main environmental stressors are drought, salinity, and waterlogging. Biotic 
stressors like insects or other natural enemies (pathogens) and climate and lighting, as 
examples of abiotic stressors (Prado et al., 2015; Su et al., 2011). There are also some 
well-known climate change factors that cause physiological effects on plant and soil, 
such as precipitation, temperature, and atmospheric concentrations of carbon dioxide 
(CO2), ozone (O3), and nitrogen (N). These environmental drivers stress plants and have 
the potential for reducing plant productivity and harshly impacting the plant (Aber et al., 
2001; Brennan et al., 2014; Su et al., 2011).
Although survival results (Table 4.1) and plant biomass (Figures 4.4 to 4.6) 
results did not present any strong correlation with landfill leachate dosage, this is an 
abiotic stress that plants were purposely exposed to and for which phytotoxic effects have 
been reported (D. L. Jones et al., 2006). The loss of multiple plants from each treatment 
made it difficult to draw any firm conclusions. Nevertheless, it was noted that the 
survival of more plants treated with only endophytes compared to the plants amended
with biochar (Table 4.1), could indicate the biochar amendment may not be ideal for 
the environmental conditions the plants experienced.
It is expected that in a greenhouse scale or a laboratory scale, plants grow under a 
more controlled environment, with the goal of studying what is meant to be evaluated 
without unknown or undesired variables. However, some of the previously mentioned 
environmental stressors could have affected the plants of this greenhouse study. Some of 
the parameters that could have led to the death of the plants were excess of direct 
sunlight, excess of heat and/or strong temperature variation, excess or lack of water, and 
accumulation of salt concentration from the solution used to water the plants (Hoagland 
solution) and the local tap water used.
Specific cycles of light and temperature have been reported as an important 
parameter to consider in the methods for plant growth on phytoremediation greenhouse 
experiments (Doty et al., 2017; Zareen Khan et al., 2014). Unfortunately, the greenhouse 
of Missouri University of Science and Technology, where plants bioreactors were 
established, lacks an automated system to regulate these factors. Too much sunlight can 
create potentially deadly free radicals, which cause damage to DNA and cell membranes, 
resulting in the detriment of the general development of the plant (Amitabh, 2005).
The average temperature during the time (Summer of 2019) that the plants were 
growing in the greenhouse was 29.4 °C (US Climate Data, 2019). It is certain that the 
temperatures inside the greenhouse were hotter than the outside temperatures reported for 
Rolla, MO. Uncontrolled increments of temperatures and variations between minimum 
and maximum temperature can alter the vapor pressure deficit and therefore affect water 
use efficiency, soil water content, and water stress. Temperature determines growth of
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woody plants and studies have shown the effect of temperature on both photosynthesis 
and plant respiration. Alterations of these two processes are reflected in plant phenotypes 
and performance (Aber et al., 2001).
Unexpected or drastic variations of water use efficiency could have resulted in a 
deficit of water, and with this, not just dry soils but also increase of the concentration of 
the salts or other compounds from the watering solution. When the water content of the 
plant is reduced to a point that interferes with its normal development, processes such as 
photosynthesis are affected. Continuous drought periods negatively impact plant height, 
basal diameter, and biomass including root growth. Dry surfaces, restrict the growth of 
bacterial populations and root respiration. Salt stress, on the other hand, reduces 
chlorophyll concentrations, which is also reflected on plant health (Aber et al., 2001; Su 
et al., 2011).
Another parameter that could have led to the death of multiple plants was that the 
bioreactors used for growing the plants, did not have drainage holes. The absence of these 
holes does not allow the excess water to leak out after watering, which causes water 
pooling. Waterlogging is the water saturation of soil triggered by excess of water. 
Consequently, the environment may become anoxic which can affect plant root 
respiration. Waterlogging experiments have shown decrease in vegetative growth (shoot 
and leaf biomass) as well as root growth (Su et al., 2011).
5.1.2. Effect of the Amendments on Poplar Tree Growth. The correlation of 
change in mass with evapotranspiration (ET) rate shown in Figure 4.1 is supported by 
results reported by Allen, et al. (1998) (Allen et al., 1998).
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Several studies consistently show that the declines in ET are directly related 
with the declines in plant yield. Thus, ET can be used as an indicator of plant stress 
(Ndehedehe et al., 2018). Since the cumulative mass change directly correlates with ET 
measurements, the cumulative mass change can also represent plant stress. In this study, 
the control dosage (green line of Figure 4.3) resulted in the greatest cumulative mass 
change, which was only treated with Hoagland solution. The high dosage of leachate (red 
line of Figure 4.3) was the one with the lowest cumulative mass change, because it was 
the concentration of contaminants that caused more stress to the plants.
The health of the plants is evaluated based on good plant development, meaning 
growth and high root and shoot biomass (Brennan et al., 2014). Focusing in the 
protection for the plant against the contaminants within the leachate from landfill. It was 
hypothesized that BE treatment (biochar, and consortia #1), was going to be the best 
amendment. But that the bacterial endophytes alone would also provide protection. 
Results of total mass change (Figure 4.4 and 4.5) and biomass measurements (Figure 4.6) 
demonstrated a trend of protection by the amendments but was not statistically significant 
to support the hypotheses.
Two of the bacteria used in this research, Enterobacter sp. Strain PDN3 and 
Pseudomonasputida PD1 have shown to have positive results providing protection for 
poplar trees against different contaminants. In Doty et al. (2017), the poplar trees 
inoculated with PDN3 exhibited increased growth with a 32% increase in trunk diameter 
compared to uninoculated control trees. In Khan et al. (2014), the inoculation with PD1 
in willow plants was found to promote root and shoot growth and protect the plants 
against the phytotoxic effects of phenanthrene. Willow plants inoculated with PD1 stayed
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healthy after 4 weeks of exposure, while the uninoculated plants started showing signs 
of stress until chlorosis within 2 weeks (Doty et al., 2017; Zareen Khan et al., 2014).
In the results of our study, there appeared to be increased root mass from 
treatment with consortium E2 and consortium E1, consistent with the results from Khan 
et al (2014). Although none of the obtained results were statistically significant for 
increased plant growth, the studies were carried out over a short time period and working 
with tree cuttings, compared to the fully-grown plants observed in Khan et al (2014) 
research.
5.1.3. Effect of the Amendments on Observable Plant Phenotypes in the 
Presence of Leachate. Plant health was evaluated through PlantCV and the observation 
of physical traits.
5.1.3.1. Plant computer vision. The perimeter is defined as the length of the 
outer contour of the digital plant and is directly correlated with the total biomass of the 
plant at the time the image was captured (Joly-Lopez et al., 2017). We expected to be 
able to correlate the effect of the amendment with the biomass based on perimeter values 
but the PlantCV analysis did not resulted in data that could support the predictions.
Based on results presented in Figure 4.7, overall E2 amendment presented the 
highest perimeter values compared with the other amendments. However, results in 
Figure 4.7 (total mass) do not agree with the results presented in Figure 4.5 (total mass 
change) nor Figure 4.6 (total biomass) in which different amendments appeared to be the 
best amendment in terms of plant protection for each measurement. This may reflect the 
different ways each treatment protects the plant. For example, treatment with consortium 
E2 may result in more root mass leading to greater perimeter value but not increased total
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mass. Overall, the measurements of plant health based on perimeter values have led to 
inconclusive results.
5.I.3.2. Visual traits of plants exposed to different amendments. The plants in 
this study exhibited a great variety of symptoms: abnormal tissue coloration, such as 
chlorosis (yellowing) and necrosis (browning); wilting, mostly related with water stress; 
defoliation, where the plant loses most if not all its leaves; abnormal change in plant 
tissue size, both increase in tissue size and dwarfing; and even tissue death (S. D. 
Williams & Boehm, n.d.).
Several physical traits were observed throughout the study and differences 
between plants were observed. Some trends in the symptoms appeared to be related to the 
the landfill leachate dosage, giving indications on the effect of the contaminants on plant 
health. However, there was not an specific corelation between the amendments and the 
plant performance. In this study, visual plant traits could not be used to support a 
particular amendment as providing the best protection for the health of the plants.
5.2. EVALUATION OF THE AMENDMENTS BASED ON CONTAMINANT 
UPTAKE OR DEGRADATION
Phytoscreening of groundwater and soil, for volatile organic compounds, is today 
a well-known and scientifically accepted method (Limmer et al., 2011). By using tree 
cores, the pollution from soil and groundwater can be examined. If pollutants are found in 
the wood tissues, it is an indication that the soil and/or the groundwater is contaminated. 
This is based on the principle that roots take up the contaminant and it is moved upwards 
through the stem (Algreen et al., 2014).
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By analyzing by GC the woody tissues of each poplar tree (samples 3 and 7, 
Figure 3.9), it should be possible to trace the transport of the contaminants used in the 
treatments. In addition, it should be possible to measure if the contaminants were being 
degraded. These results should help with recognition of the best amendment for 
phytoremediation.
The leachate used for the irrigation of the plants, is composed of several metals, 
phenol, benzene, and fluoride, among other compounds (See laboratory test results in 
appendix). In addition, the solution used for watering the plants was spiked with PCE and 
benzene, since they are very important and common components of leachate and which 
can be easily measured (Kjeldsen et al., 2002). Adding a known concentration of PCE 
and benzene should provide a way to monitor the activity of the endophytes used in this 
project. Supplementing the landfill leachate was necessary based on the assumption that 
because of their volatile nature, by the time the leachate was used, any concentration that 
was in the original recovered leachate, would have volatilized.
The spiked landfill leachate was designed to test the ability of both bacteria to 
interact with and degrade different contaminants. Predicting that the presence of bacterial 
endophytes was going to help the plant deal with the stress caused by leachate. It is worth 
clarifying, that Enterobacter sp. strain PDN3 and Pseudomonasputida PD1 have not 
been tested in phytoremediation of landfill leachate and were used based on their ability 
to degrade similar but not identical compounds.
It was predicted that the BE amendment was going to be the treatment that caused 
an enhanced phytoremediation of PCE and benzene, resulting in higher rates of 
degradation or higher accumulated concentration in-planta of the added compounds. This
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prediction was based on the hypothesis that biochar will enhance the ability of the 
endophytes to interact with the compounds and to facilitate their degradation. To study 
this hypothesis, each sample was analyzed for TCE as a product of PCE degradation as 
well as toluene, ethylbenzene, and xylenes.
5.2.1. TCE and PCE GC-MS Analysis of Shoots (Sample 3 and 7) per 
Amendment. Remediation of PCE is of broad interest when dealing with landfill 
leachate. A landfill near Madison, Wisconsin, USA, which received municipal, 
commercial, and industrial wastes for over 14 years, was studied by Gonsoulin et al. 
(2004). The landfill leachate and the nearby ground water were tested. Groundwater was 
contaminated with volatile organic compounds (VOCs), such as PCE and TCE, in 
concentrations exceeding 200 part per billion (ppb) (Gonsoulin et al., 2004). Another 
study presents concern that these processes caused the high concentrations and frequency 
of vinyl chloride (VC) in landfill leachate, groundwater (12 mg/L), and aquifers. 
Highlighting that the presence of VC is the result of the high concentrations of PCE and 
TCE and their reductive dehalogenation (Kielhorn et al., 2000).
TCE was included in the GC analysis as a degradation product from the 
dehalogenation of PCE. Studies have shown, that landfill microbial communities may 
have enzymatic machinery well adapted to degrade chloroaliphatics (CAH), even without 
previous contamination by this specific compound (Leahy & Shreve, 2000). Moreover, 
TCE and PCE are often found together in contaminated sites, due to the similarity in their 
physical-chemical properties and applications (Schreiter et al., 2018)
The PDN3 endophytes used, have been shown in other studies to be natural 
degraders of TCE. Doty et al. (2017) presented a successful three-year field trial of TCE
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endophyte-assisted phytoremediation. Poplar trees inoculated with Enterobacter sp. 
strain PDN3 showed a faster TCE in-planta metabolism, compared with uninoculated 
trees, releasing 50% more chloride ion. Also, the results from the analysis of the tree 
cores, were a strong evidence that the inoculated plants presented a higher rate of 
degradation of the chlorinated solvents.
The ability of PDN3 to degrade PCE to TCE is based on some assumptions 
because this has not been tested previously. Firstly, assuming that bacteria exposed to the 
leachate had the ability to dehalogenate PCE to transform it into TCE. It is also possible 
that PDN3 would be able to use TCE and degrade it through the dechlorination pathway 
(Doty et al., 2017). Also, reductive dechlorination of PCE could have been started by 
abiotic degradation, which has been reported as an important mechanism for natural 
attenuation in landfill (Gonsoulin et al., 2004).
5.2.2. BTEX GC-MS Analysis of Shoots (Sample 3 and 7) per Amendment. 
Benzene is of particular significance in the landfill leachate environmental 
contamination. A study performed in two different dump sites in Sri Lanka, reported that 
all the leached samples from the MSW dump sites exceeded the World Health 
Organization (WHO) permissible level for benzene (5 |ig/L) in water (Jayawardhana et 
al., 2019).
In another study developed in Switzerland, 12 samples of leachate collected in 
four different landfills were investigated. Conclusive results indicated that landfill sites 
are a point source of contamination for benzene. Landfill leachate samples, as well as 
groundwater samples, and samples collected from an on-site landfill wastewater
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treatment plant (WTP), presented benzene concentrations from a few (8.8) |ig l-1 up to 
several (128) mg l-1 (Riediker et al., 2000)
Toluene, ethylbenzene, and xylenes were included in the GC analysis because 
these are also frequently detected VOCs in landfills (Jayawardhana et al., 2019)
The ability of PD1 to degrade benzene was tested based on some assumptions as 
well. PD1 is being used in this study based on its ability to degrade phenanthrene. 
Phenanthrene is a polycyclic aromatic hydrocarbon (PAH) composed of three fused 
benzene rings. Benzene is a cyclic compound and also an aromatic hydrocarbon. Based 
on the similarity of the molecular structure of both compounds, the ability of PD1 to 
degrade benzene was assumed. Some studies could support this assumption. 
Pseudomonas species, have been associated with the degradation of benzene. 
Additionally, benzene oxidation is usually catalyzed by dioxygenases, just like 
phenantherene degradation which is also initiated by a dioxygenase which catalyzes the 
addition of two oxygen atoms to the aromatic ring (Gran-Scheuch et al., 2017; Oberoi et 
al., 2015).
The PD1 endophytes used, have been shown in other studies to be natural 
degraders of phenanthrene. Khan et al., (2014) reported that grass plants that were 
inoculated with Pseudomonasputida PD1 removed 40% more phenanthrene than the 




5.3. VERIFICATION OF rfp-PD1 and gp-PDN3 COLONIZATION ABILITY 
OF POPLAR TREES
Bacterial colonization ability was verified through microscopy and molecular 
genetic techniques.
5.3.1. Visual Verification Through Confocal Microscopy. It was hypothesized 
that after the bacterial inoculation, the endophytes were going to be able to colonize the 
plant, meaning to enter, grow, multiply, and move upward within the plant. Slides made 
after harvesting, were prepared with the goal of visualizing this colonization and 
movement.
Based on the result presented in Figure 4.15, it could be concluded that the 
endophytic bacteria were able to colonize, thrive inside the plant tissue, and most 
importantly to reproduce and move upwards towards the leaves. Results that supported 
the hypothesis.
However, the visualization of bacterial colonization in the prepared slides from 
the various amendments was a very time-consuming and inconsistent procedure. The 
acquired results seem to be very subjective and inconclusive. The methods for the 
preparation of the plant tissue did not appear to be adequate. The plant tissue, in most of 
the samples was thick and mostly damaged, making the visualization of the bacteria very 
hard. In addition, the time from inoculation to observation was much longer than in 
previous studies and loss of the plasmids responsible for fluorescence is possible without 
antibiotic selection. Consequently, the overall result for the visual verification of bacterial 
colonization is not reliable and it cannot be used to assure that the hypothesis was 
supported.
There are several studies that have reported the colonization of endophyte 
bacteria throughout the plant. Doty et al. (2017) presented the colonization of lateral root 
junctions of hybrid poplar OP367 by gfp-PDN3 after 48 h of co-cultivation, as well as 
after 1 week, when the bacteria was seen within the host plant roots. Khan et al. (2014) 
presented the visualization of the inoculated endophyte rfp-Pseudomonasputida PD1, 
within root tissues and lateral root emergence of Willow S-365, after two weeks of 
inoculation. rfp-PD1 is described as bright red rods, which supports the observations of 
Figure 4.13a (Zareen Khan et al., 2014).
A review about bacterial endophyte colonization and distribution within plants by 
Kandel, et al. (2017) presents the specific bacterial niches inside the host plant. Mostly, 
endophytes bacteria are found in intracellular spaces in the plant due to their composition, 
rich in carbohydrates, amino acids, and inorganic nutrients. Bacterial endophytes have 
been found in the intracellular spaces of almost all the different plants tissues, such as 
roots, seeds, stem, and even aerial tissues like leaves and flowers. The mobility of 
bacterial cells is driven by their metabolic capacity of degrading cellulose.
Burkholderia sp. strain PsJN was observed in grape vine plants, using gfp, in 
xylem and substomatal chambers of inoculated leaves, as well as in cortical cells, 
endodermis, and xylem vessels. The colonization of this endophyte was especially strong 
at primary and secondary roots and at the base of lateral roots and root tips. Fluorescent 
microscopy was used to observe the inplanta population of Rahnella sp.WP5gfP in 
inoculated maize seedlings. WP5gfP populations were identified repeatedly in roots and 
mesophyll cells and stomatal chambers in leaves. Trends about the colonization of this
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bacterium were recognized. WP5gfp was mostly observed in the longitudinal direction, 
in between cell and in intercellular spaces (Kandel et al., 2017).
Interestingly, all the cited studies, presented Figures in which the plant tissue 
looks complete and with any disruption, being able to visualize the plant cells easily, as 
well as the endophytes. Which supports, that the methods used in our study was not the 
best one.
5.3.2. Genetic Verification Through DNA Extraction and PCR. The DNA
extraction of different plant tissues, from root to leaf, was performed as a way to monitor 
the ascendent movement of the endophytes. All DNA extractions were PCR amplified 
with universal primers as a positive control to verify the quality of the DNA extraction 
method. Treatments C (control) and B (biochar) were not inoculated with bacteria and 
should serve as a negative control. However, PCR amplification of several samples from 
the B and C treatments resulted in PCR products for rfp-PD1 and gp-PDN3. Therefore, 
these results are inclonclusive and unreliable to support the hypothesis.
Additionally, there were so many plant tissues samples in which the fluorescence 
from rfp-PD1 and gp-PDN3 was not visualized, but in the DNA extraction essay, the 
amplification of their genes were positive (Table 4.2). Results that appear to be 
inconclusive as well. This result can be explained by the loss of the fluorescence ability. 
Fluorescence of rfp-PD1 and gp-PDN3 is based on the introduction of a rfp plasmid and 
pBHR:gp plasmid, respectively. Plasmids are extrachromosomal DNA elements that can 
be lost over time in the absence of proper selection for the specific trait (Carroll & Wong, 
2018). In the case of these plasmids the selection is based on resistance to antibiotics 
gentamycin and kanamycin, respectively.
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Additionally, if having the plasmid entails an energy cost higher than the 
benefit provided to the host, it can also be lost. Plasmids that truly offer a benefit to the 
bacteria may be integrated to the host genome, which is not the case of the ones used in 
this study (Carroll & Wong, 2018). A proper selection means that the bacteria have to be 
growing in the presence of the antibiotic to which the plasmid gives resistance. Although 
the bacteria were grown in the presence of antibiotic prior to inoculation, during the plant 
growth period there was no antibiotic present.
Universal primer pair 27F &1492R, was used as a way to verify that the DNA 
extracted was intact and amplifyable. These primers were intended to be a positive 
control for bacterial and plant DNA. Universal primers are typically used when the goal 
is to amplify as many bacterial species as possible. The primer pair 27F&1492R is one of 
the most common primer pairs use for environmental sampling in research worldwide. 
Environmental bacterial communities are complex and higly diverse, therefore, tools such 
as universal primers are required for a general and complete scanning of those 
communities. The universal primers pair 27F &1492R targets 16S rRNA gene from 
bacteria, as well as from the mitochonria and chloroplast genes of the plant (Fredriksson 
et al., 2013).
Results of the amplification using 27F &1492R (Table 4.2) resulted in PCR 
products from nearly all DNA extractions which confirms that the kit that was used for 
the DNA extraction is a good tool. Result of the amplification using primers specific to 
each of the endophytes were positive for several tissues from plants that were inoculated 
but also from some that were uninoculated. This results could be explained by the plants
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having their own microbiome. Plant growth was not performed under sterile 
conditions, so any environmental microbe could have entered the system.
At the same time, some results (for example, sample 1 in BE9) were inconclusive 
for the amplification of rfp-PD1 and gfp-PDN3, because, while the universal primers 
were negative, the g^-PDN3 was positive. If the results suggest that the DNA extraction 
was not successful, the amplification from specific bacteria DNA should not be possible 
but the lack of amplification with the control primers could have been a technical error. 
Therefore, these results are inclonclusive and unreliable to support the hypothesis.
5.4. PREVIOUS RESEARCH RESULTS THAT SUPPORT THE PROPOSED 
PHYTOREMEDIATION SYSTEM
The phytoremediation system proposed in this research was composed by biochar, 
endophytes, poplar trees, and landfill leachate.
5.4.1. Biochar as a Strategy for Landfill Leachate Clean Up. Recent studies 
shown the ability of biochar to act as activated carbon (AC) mostly because of their 
similar sorption capacities.
The application of AC in places contaminated with VOCs has been identified as 
one of the most efficient technologies for their removal (Jayawardhana et al., 2019).
Joyawardha et al. (2019) presented a study in which the capacity of a biochar, 
made of Municipal Solid Waste (MSW) (MSW-BC), for removing benzene from landfill 
leachate, was tested. It was concluded that MSW-BC benzene adsorption capacity is 
highly dependent on pH and favored at basic pHs. The highest removal capacity of 39.6 
pg/g of benzene, was observed at pH 9. Features such as lower polarity index and lower
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H/C ratios seemed to be key for a successful intermolecular attraction with aromatic 
and aliphatic groups, specifically with non-polar benzene.
Schreiter et al. (2018) studied the sorption mechanisms (partitioning-adsorption 
process) of chlorinated hydrocarbons, such as PCE and TCE, on three biochars made 
from different feedstock materials: Cattle manure (BC-CM), grain husk (BC-GH), and 
wood ships (BC- WC). The study concluded that biochars are a possible, low-cost option 
for the remediation of soil and water contaminated with PCE and TCE.
The correct selection of biochar composition, in this case feedstock, is vital for 
the efficiency of a remediation process, because the PCE and TCE sorption is driven by 
the biochar characteristics and the compounds' molecular properties. Results of Schreiter 
et al. (2018) showed that manure-derived biochars with high-polarity facilitate 
partitioning, while plant-derived biochars with high micropore volume (PVmic), favor 
pore-filling of both contaminants. It is important to evaluate the biochar’s performance in 
the presence of both contaminants, since they are constantly found together. PCE and 
TCE compete for sorption, but plant-based biochars are pore-filling-dominated and show 
strong competition. While chars produced from manure feedstock offer an additional 
partitioning phase that does not experience strong competition. (Schreiter et al., 2018).
Luo et al. (2019) reported the success of phosphoric acid activated biochar made 
from rice husk, in the treatment of landfill leachate. The leachate treated with this rice 
husk biochar, presented a 100% removal of the color, an elimination of pollutants higher 
than 90%, a reduction of the chemical oxygen demand (COD) and NH4+-N of 
approximately 80% and 100% respectively.
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Other studies supported as well the efficiency of biochar to treat landfill 
leachate. Some advantages are the low cost of the approach, easy separation, strong 
operability and high adsorption capacity (Luo et al., 2019). Landfill leachate, when 
treated with activated carbon from banana pseudostem (BPS), resulted in 91.2% color 
and 83% chemical oxygen demand (COD) removal (Ghani et al., 2017). Similarly, the 
activated carbon obtained from sugarcane bagasse exhibited good performance in the 
removal of color (87.3%), COD (77.8%), and NH4+-N (41.1%) from landfill leachate 
(Azmi et al., 2015).
5.4.2. Bacteria Performance in the Bioremediation of Landfill Leachate.
Bacteria are a crucial component for the bioremediation of landfill leachate. Because of 
the extreme variability of the landfill leachate composition, different enzymatic 
machinery is needed for the degradation of different constituents. A very wide group of 
bacteria species has been related with its degradation. It has been reported, that 
Betaproteobacteria, Bacteroidetes, Actinobacteria,and Alphaproteobacteria dominate the 
microbial community found in aged landfill leachate.
Microbial communities from environmental samples are mostly analyzed by next 
generation sequencing, such as Illumina. On the other hand, bacteria from other genera 
have been identified in landfill leachate via cultivation. The main taxa identified at genus 
level are Pusillimonas-like bacteria and Leucobacter. Based on 16S rRNA gene 
sequencing analysis, bacteria in the order Bacillales, part of the genera Bacillus, 
Fictibacillus, and Paenibacillus, were also identified. Some other representatives of the 
class Actinobacteria were particularly related to the families Micromonosporaceae, 
Thermomonosporaceae, Promicromonosporaceae,and Microbacteriaceae. Species
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closely associated to the genera Actinomadura and Micromonospora. Some other 
bacteria that were associated with Pseudomonas spp., presented a phylogenetic similarity 
of 99.1-99.8 and 97.1-97.8% with Pseudomonas caeni and Pseudomonaspertucinogena, 
respectively. And another group of isolated bacteria showed phylogenetic similarities of 
around 98% to members of the family Alcaligenaceae, related to taxa Eoetvoesia, 
Pusillimonas, Parapusillimonas, and Candidimonas. Other analysis techniques like 
phospholipid fatty acid analysis or the examination of the biochemical traits have resulted 
in some more identification of bacteria related with landfill leachate and it degradation.
At the phylum/class level, Betaproteobacteria, Bacteroidetes, Actinobacteria,and 
Alphaproteobacteria, followed by Deinococcus-Thermus, Gammaproteobacteria, 
Planctomycetes,and Gemmatimonadetes, represented a 95.7% of the bacteria identified in 
landfill leachate (Remmas et al., 2017).
Emenike et al. (2017) is a specific example of a study in which the 
bioaugmentation with bacteria isolated from leachate-contaminated soil have made a 
significant difference in the optimal removal of specific contaminants within the landfill 
leachate. A consortium of Lysinibacillus sp., Bacillus sp., and Rhodococcus sp resulted in 
a significantly better metal removal efficiency. Reductions of 71, 72, and 86%, of lead 
(Pb), aluminium (Al), and copper (Cu) of, respectively, were reported. Another type of 
bacteria associated with degradation of contaminants within landfill leachate are 
rhizospheric bacteria. Leitner et al. (2019) reported the isolation of a rhizospheric bacteria 
from Alternantheraphiloxeroides (Mart.) Griseb, an aquatic macrophyte known to be 
used in wetland leachate treatment, with the potential to be used in the landfill leachate 
post-treatment. Using the Basic Local Alignment Search Tool (Blast) 16S rRNA
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comparison, the bacteria were identified, with a 97% similarity, as Exiguobacterium 
acetylicum. Bacterium that has been previously described as important for the reduction 
of organic matter load in activated sludge. Results of a leachate degradation essay, lead to 
the conclusion that E. acetylicum has potential for landfill leachate biodegradation. 
Biomass increase, along with decrease in pH and dissolved oxygen (DO) were some of 
the significant differences reported (Emenike et al., 2017; Leitner et al., 2019).
5.4.3. Phytoremediation as a Bioremediation Technology to Clean Up 
Landfill Leachate-Contaminated Environments. There have been several studies that 
demonstrated the success of phytoremediation as a bioremediation technology to clean up 
landfill leachate-contaminated environments. Menser et al. (1983) and Harrington and 
Maris (1986) are good example of long-term studies of the biological effects of landfill 
leachate application to land by irrigation, effectively presenting decontamination.
The first one was performed on a forested soil over a five-year period and the 
second one was developed using grassland at a rate of 50 m3 ha-1 d-1. Both studies 
resulted in improvements of the soil quality and the phosphorous availability to plants as 
a consequence of the basification of the soil pH caused by the irrigation of the alkaline 
leachate (Table 5.1 and 5.2, respectively).
One of the first studies supporting phytoremediation of landfill leachate, was 
performed by Nordstedt (1975) in which it was concluded that “soil acted as a natural 
filter, yielding sustained water quality improvements.” These last three studies presented, 
were carried out onto non-engineered ecosystems (Nordstedt, 1975).
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Table 5.1 Composition of the leachate entering (influent) and leaving (effluent) a land 
based phytoremediation scheme in which leachate was irrigated onto a forested soil over
a 5-yr period (Menser et al., 1983).
Constituent Influent leachate Effluent
Na 194 (145) 32
K 80 (49) 7
COD 1878 (912) 239
PH 7.25 (0.64) 6.84
EC 1.9 (0.7) 0.2
Zn 0.89 (1.11) 0.09
Fe 77(110) 4
Note: All values are in mg 1 1 except pH and electrical conductivity 
(EC; mS cm '). Values represent means of multiple sampling events 
with the standard deviation for the influent leachate provided in 
brackets.
Table 5.2 Composition of the leachate entering (influent) and leaving (effluent) a land 
based phytoremediation scheme in which leachate was irrigated onto grassland at a rate 
of 50 m3 ha-1 d-1 (Harrington & Maris, 1986).
Constituent Influent leachate Effluent
Suspended solids 70 25




Note: All values are in mg 1
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5.4.3.I. Landfill leachate use for irrigating plants as a phytoremediation 
approach. An example of a successful phytoremediation of landfill leachate irrigated 
onto an engineered short rotation forestry was a study performed by Godley et al. (2004).
The study was developed for 3 years at two trial sites, Hatfield and Westmill, 
using willow coppice, which have been gaining importance (same case of poplar trees) as 
fast-growing trees with the features required to be a suitable vegetation filter (D. L. Jones 
et al., 2006). The willow trees demonstrated a very high filtering capacity for N, P and K, 
as an example; they also promoted denitrification in the root zone and performed a highly 
selective uptake of heavy metals, especially Cd, additionally, the evapotranspiration rates 
were very high, which facilitated the treatment and remediation of the high landfill 
leachate load irrigated. This study also exemplifies that the phytoremediation type of 
approach beyond effectively treating the leachate, provides benefits to the plant itself, 
acting as a fertilizer, increasing the willow biomass yield without detriment to the wood 
quality (Table 5.3).
Table 5.3 Willow biomass production at two trial sites (Hatfield and Westmill) following 
irrigation of short rotation coppice with landfill leachate (Godley et al., 2004).
Leachate irrigated Water irrigated Un-irrigated
Hatfield 6.65 5.36 3.38
Westmill 3.17 2.14 2.34
Note: Leachate was applied for 3 yr at rates of approximately 
1000 nv ha 1 yr . Biomass yields are in tons dry weight ha 1 yr .
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5.4.3.2. Poplar trees growth as indicator of the effect of landfill leachate 
exposition. Justin et al. (2010) studied the biomass production as an indicator of a good 
phytoremediation system, but also correlated a high nutrient load with a high potential for 
phytoremediation. This study combines the ET covers and the phytoremediation. With 
the objective of determining the best parameters, including type of vegetation and 
composition and concentration of irrigation source for a future long-term successful 
landfill covered with vegetation and compost produced on-site, combining it with landfill 
leachate and compost wastewater reuse and treatment.
The performance of a fast-growing poplar clone Populus deltoides Bartr. cl. I- 
69/55 (Lux), and two native willows Salix viminalis L. and Salixpurpurea L. exposed to 
irrigation with landfill leachate and compost wastewater, was evaluated over 1 year. The 
potential of the evaluated plants to be successful in a phytoremediation approach was 
measured by grow and biomass production (Justin et al., 2010).
The study resulted in Populus sp. having the highest tolerance to extreme growing 
conditions, and the most effective species in biomass production, while S. purpurea 
exhibited the lowest sensitivity to the high ionic strength of the irrigation water compared 
to S. viminalis. The results suggested that in order to have an adequate balance between 
productivity and remediation capability, which are essential for a phytoremediation 
system to be effective, both species, Populus and Salix clones should be chosen for the 
vegetative cap of the landfill. On the other hand, landfill leachate application, as 
irrigation source, showed a higher potential over high-strength compost wastewater (even 
after 1:8 dilution). The nutrients average mass using landfill leachate were up to 2144 kg 
N ha-1, 144 kg P ha-1, 709 kg K ha-1, 1010 kg Cl ha-1, and 1678 kg Na ha-1.
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5.4.3.3. Evaluation of a different plant species successful in landfill 
leachate phytoremediation Another type of plants that has been suggested as a good 
phytoremediator of landfill leachate Duckweed (Lemna minor). Daud et al. (2018) proved 
that L.minor significantly reduced both organic and inorganic pollutants in landfill 
leachate, presenting it as a sustainable alternative candidate for the treatment of landfill 
leachate waste water contaminants. The study was conducted over a period of 2 weeks 
and the phytoextraction of zinc, copper, lead, iron, and nickel from landfill leachate, as 
well as bioconcentration was monitored every three days. Other physicochemical 
parameters were also measured, such as chemical oxygen demand (COD), biological 
oxygen demand (BOD), pH, total suspended solids, (TSS) and total dissolved solids 
(TDS), and value of bioconcentration factor (BCF) (Table 5.4).
Table 5.4 Physicochemical characteristics of landfill leachate before and after 
phytoremediation experiment. (Daud et al., 2018).
Parameters Before phytoremediation After phytoremediation Percentage reduction 
L em n a  m in o r  L.
pH mg-L"1 7.9 6.8 ± 0.24 ns 13%
TSS mg-L'1 63.4 42.2 ± 3.56 ns 33%
TDS mg-L 1 1695 986 ± 7.68 ns 41%
COD mg-L'1 1899 756 ± 4.32 ns 39%
BOD mg-L"1 889 423 ± 4.69* 47%
Zn mg-L"' 1.47 0.24 ± 0.02' 83%
Pb mg-L’1 0.83 0.18 ± 0.04' 78%
Cu mg-L'1 0.69 0.06 ± 0.02'* 91%
Fe mg-L-1 1.17 0.26 ± 0.03' 77%
Ni mg-L‘* 1.21 0.29 ± 0.02' 76%
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6. CONCLUSIONS
Irrigation of landfill leachate is a well-demonstrated approach to perform 
phytoremediation of this contaminant, reporting excellent plant productivity and 
remediation capability. Phytoremediation is a technology that requires proper and careful 
management to potentiate its advantages and keep it as a cost-effective, environmentally- 
friendly, and long-term solution.
There are significant differences in the behavior of a plant-soil system destined 
for phytoremediation purposes. For example, the type of environment, if it is aquatic or 
terrestrial, the scale of the contaminated plot, the plant and endophyte specie, if 
amendment is required, and the nature of the contaminant, in addition to the response of 
plant species to landfill leachate irrigation, which can also variate. Therefore, a careful 
evaluation for every single component in a phytoremediation approach is essential to 
increase the chances of its success and maintain a good performance.
After reviewing several studies, it seems that there is not a consensus stablished 
on inoculation methods and growth media for testing landfill leachate phytoremediation 
enhanced with endophyte bacteria. More research needs to be done to clarify the effect 
that different inoculation methods (time of exposures, initial bacterial concentrations, 
growth media, etc.), as well as plant growth media (hydroponically and soil), have in the 
performance of the bacterial inoculation and overall in the phytoremediation process.
With that being said, despite many challenges, the study and application of the 
phytoremediation of landfill leachate has a huge potential to be yet explored, and with a 
broad range of possibilities to be improved or further researched.
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Endophyte enhanced phytoremediation, as a clean-up approach for landfill 
leachate, is a cost-effective, green technology, recognized worldwide. With time and 
awareness, the interest and research on this phytoremediation approach have increased. 
There are several mechanisms in the endophyte-plant-soil interactions that still need to be 
elucidated. Mastering the science behind phytoremediation of landfill leachate is still a 
challenge that comes with an enormous potential for further research.
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7. FUTURE RESEARCH OPPORTUNITIES
• Evaluation of different inoculation times, as the first exposure to 
endophytic bacteria, to test the effect on the plant colonization.
• Evaluation of the effect of exposing the endophytes to the contaminant 
they have the ability to degrade, during the growth period, prior to the 
plant inoculation process in the phytodegradation of landfill leachate.
• Evaluate the effect of continuous antibiotic selection, during plant growth 
period, for the plasmids in endophyte bacteria in the phytoremediation 
process.
• Evaluation of the phytoremediation enhanced with endophytes of soils 
contaminated with landfill leachate. Including preparation of contaminated 
soils.
• Evaluation the phytoremediation of soils contaminated with landfill 
leachate using different types of biochars.
• Development of methodology with non- destructive methods for the 
visualization of fluorescence from endophytic bacteria in-planta.
• Development of primers with better specificity for rfp-PD1 and gfp-PDN3. 
o Recommendations:
o Rigorously analyze the possibilities for cross-contamination in 
the GC and DNA extraction methods in order to be avoid it. 
o Regulate and specify the temperature and light cycles of the
greenhouse use to growth the plants.
105
o Trace the degradation of the contaminants in the landfill
leachate periodically during the whole plant growth period. As 




This research is part of a bigger project in which the final goal is to be able to 
provide the best treatment for restoring ecosystems based on which vegetation surrounds 
the area and what is the contaminant that is present. During the course of the study, the 
most effective methodology and techniques will be used to develop a protocol that 
identifies the best treatment, between five evaluated treatments, for the phytoremediation 
of landfill leachate. After this first step is accomplished, the project aims to expand the 
research to different species of plants and also other types of contaminants.
Landfill leachate is highly polluted wastewater that causes many environmental 
and public health problems when is released to the environment untreated. It is a hazard 
to surrounding pristine soils, surface, and groundwater. In addition, landfill leachate is 
toxic to plants, aquatic organisms, and, consequently, humans (H. Mishra, 2017; D. L. 
Jones et al., 2006).The identification of the best treatment for the bioremediation of 
ecosystems contaminated with landfill leachate will help to alleviate those environmental 
and health problems that have been presented.
The study of the role of the endophytic bacteria in this symbiotic relationship is a 
huge portion of this project. The proposed research contributes to understanding the 
ability of endophyte strains to colonize the plant and move inside the plant tissue. In 
addition, it will help to identify the outcome of the interaction plant-bacteria, which have 
been hypothesized as beneficial.
The usage of leachate as a fertilization and irrigation source plus the endophyte- 
assisted phytoremediation is presented as an economical, simple, sustainable, and
environmentally friendly method to mitigate the environmental pollution of bodies of 
groundwater, as well as soils. Using the contaminant as irrigation source makes available 
a valuable tool in agriculture, reducing expenses in fertilizers and the waste of water. 
Elucidating accessible strategies for restoring ecosystems, could contribute to reduce, in a 
wider and faster way, the anthropogenic contamination caused to the world.
On the other hand, if the role of the endophytic bacteria is identified and it turns 
to be in fact beneficial for the plant, the results would have a tremendous positive impact 
for the major research which this project is involved in and also to other projects in the 
phytoremediation field. Research is one step forward to the success of the future. Once 
the study reaches the point when the results can provide the best treatment for restoring 
ecosystems regardless of the species of plant and the type of contaminants, the research 
will be applicable worldwide.
One of the main concerns about the leachate leaking from landfills, is the 
potential threat to groundwater. Nowadays, over one billion people globally lack access 
to safe drinking-water supplies (WHO, 2019). Groundwater is a natural resource which 
definitely needs to be more appreciated and cared for. The goal is to prevent 
contaminated wastewater from polluting groundwater and soils. If the affected 
ecosystems are being cleaned up, the benefit for the nearby communities is the 
consequent. Having access to safe drinking-water supplies reduces the rates of diseases 
related to the consumption of unsafe water, therefore the quality of life is improved. 
Having a less polluted ecosystem contributes to the health of all life on Earth and at the
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same time to the health of Earth itself.
APPENDIX A
H353 HOAGLAND SOLUTION PRODUCT INFORMATION SHEET
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Ammonium Phosphate, Monobasic 
Boric Acid 
Calcium Nitrate 
Cupric Sulfate-5FI20  
Na2 EDTA-2H20  
Ferrous Sulfate-7H20  
Magnesium Sulfate, Anhydrous 
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Hydroponic nutrient medium suitable for many plant species
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Sample Collection Date:10 /9 /2019
Parameter
Maximun Allowed 





Date :10 /9/ 19
Meets
Requirements
A rsenic 0.134 0.068 0.019 YES
B enzene 0.100 0.100 < 0.050 YES
Beryllium 0.500 0.500 < 0.0010 YES
C adm iun 0.120 0.060 < 0.0010 YES
C hrom iun (V I)* 0.100 0.100 < 0.00050 YES
C hrom iun 4.935 2.210 0.014 YES
C opper 3.540 1.260 0.0030 YES
Cyanide 0.975 0.110 < 0.0050 YES
Lead 0.915 0.440 < 0.010 YES
M ercury 0.078 0.006 < 0.0002 YES
M olybdenum 0.240 0.110 < 0.012 YES
N ickel 0.520 0.520 0.040 YES
Selenium 0.050 0.050 < 0.010 YES
Silver 0.410 0.410 <0.0020 YES
Zinc 7.395 3.270 < 0.010 YES
Phenol 6,380 6.380 0.19 YES
Fluoride
22 m g/L w ith  m ax 
daily flow* 33,000 
gpd =6.1 lbs m ass
22 m g/L w ith  m ax 
daily flow* 33,000 
gpd =6.1 lbs m ass
7.0 YES
B O D 1800 1800 120 YES
TSS 1800 1800 15 YES
F O G 100 100 < 5.2 YES
pH ** 5.5-12.0 5.5-12.0 7.6 YES
Tem perature 140 deg.F 140 deg.F 39.02 YES
*O riginal sam ple ou t o f  pH  range by tim e subcontract lab received it, resam pled on 10/21/2019
** Lab tested pH  instead o f  field pH




1. PROJECT #2: ENDOPHYTE BACTERIAL COLONIZATION 
WITH AND WITHOUT ROOTS
Project #2 was aimed to be part of the main body of the research. However, it has 
been included into the appendix since several circumstances did not allow the 
experiments to be completed, but significant work was done. This research project 
offered as a suggestion for possible future research.
1.1. OBJECTIVES
• To evaluate if bacteria can enter the plant after it has already rooted to determine 
if the endophyte inoculation process can be used with existing trees.
o Prediction: Inoculating plants after they are already rooted will result in 
bacterial colonization within plant tissue.
• To evaluate the impact of the plant support medium (comparing sand bioreactors 
and hydroponically) on bacterial colonization in order to optimize and improve 
the chances for bacteria to enter the plant tissue.
o Prediction: Aqueous environments will allow better bacterial colonization.
1.2. EXPERIMENTAL DESIGN AND METHODS
Several processes were proposed as methods aiming to evaluate the role of the 
plant roots in the bacterial colonization.
1.2.1. Definition of Experimental Design. To evaluate the roots’ role and be 
able to compare the effect of hydroponic or sand media on growing plants, six replicates 
were made of each of the four groups to be studied, for a total of 54 cutting, 24 grown in 
bioreactors and 30 hydroponically. The four different groups of study were:
• Negative control: 12 cuttings without bacterial inoculation throughout the 
whole experiment. 6 cuttings planted in the sand and 6 grown 
hydroponically. Identified as a. in the labelling system.
• Study group: 24 cuttings inoculated with consortium #1 (Section 3.1.4) 
after the cuttings rooted. 12 cuttings planted in the sand and 12 grown 
hydroponically, for half of the cuttings (6) of each group, the roots were 
cut off the cuttings before inoculation. Identified in the labelling system as 
wb. For plants inoculated with intact roots and b., for plants inoculated 
after removal of roots.
• Positive control: 12 cuttings inoculated with consortium #1 before 
plantings. 6 cuttings planted in the sand and 6 grown hydroponically. 
Identified as c. in the labelling system.
• Sacrificed group: 6 cuttings inoculated with consortium #1 and sacrificed 
to be processed at time 0. Identified as d. in the labelling system. (Figure 
C.1).
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1.2.2. Greenhouse Reactor Preparation. 54 cuttings of poplar willow hybrid 
DN34 of approximately 4 inches long were cut. The preparation process was the same 
followed in Section 3.2. For the sand bioreactors, 24 one-liter jars were prepared and all 
of them were completely filled with sand. For the hydroponic bioreactors the 30 cuttings 
were grown in four 800mL beakers, labelled and wrapped in aluminum foil.
1.2.3. Growth of Endophyte Cultures. The consortium #1 (E1) composed by 
rfp-PD1 and gfp-PDN3 was used. The growth process was the same as described in 
Section 3.4.
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Figure C.l Schematic experimental design for rapid screening of bacterial colonization.
£represents hydroponic growth; ■ represents sand bioreactors; and
the endophytes.
represents
1.2.4. Endophyte Inoculation. The 54 cuttings were inoculated following the 
same protocol presented in Section 3.5. The cuttings were evenly distributed into five 800 
mL labelled beakers. The 14 cuttings of the group to be studied were inoculated with E1, 
and the remaining 40 cuttings were soaked in uncultured MG/L medium.
When the period of inoculation was over, the cuttings were transferred into the 
prepared reactors at a depth of approximately two inches (Figure C.2a) and the cuttings 
hydroponically grown were kept soaked in 10% Hoagland solution at a depth of 
approximately two inches (Figure C.2b).
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Figure C.2 Bioreactors at time zero. Settled up right after inoculation process. a. Sand
bioreactors. b. Hydroponic growth.
After three weeks, all 24 cuttings of group of study b. were inoculated with the 
consortium E1, following the same procedure as described in Section 3.5. They were
distributed in 4 different 600mL labelled beakers.
The cuttings that were planted in bioreactors and inoculated with roots were 
labeled as BW. The cuttings that were planted in bioreactors but inoculated without roots 
were labeled as B. The cuttings that were grown hydroponically and were inoculated with 
roots were labeled as HW. Lastly, the cuttings that were grown hydroponically and were 
inoculated without roots were labeled as H (Figure C.1). Because the cuttings already 
sprouted and the biomass was tight inside the beaker, about two inches from the bottom 
of the beaker were filled with sterilized glass beads to rise the cuttings up and allow the 
leaves to grow more freely (Figure C.3).
When the period of inoculation was over, the cuttings were transferred back into 
their corresponding reactors and the dosing continued following the same methodology 
(Section 3.6).
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Figure C.3 Inoculation of cuttings from group b. of study with three weeks of growth.
1.2.5. Dosing. Reactors were dosed with 10% Hoagland solution every three 
days for two months, at half saturation the cuttings planted in sand and enough added 
volume to keep to the same submerged depth the ones grown hydroponically. Goal 
masses were established in the same way it was done on Section 3.6.
1.2.6. Plants Imaging. Hyperspectral imaging and digital imaging of root traits 
(DIRT) were the three technologies used in this study for imaging the plants.
1.2.6.1. Hyperspectral imaging. Plants were imaged two times following the 
same process in Section 3.7.1. The first time at three weeks of growth and the second 
time, at two months of growth just before the harvesting.
1.2.6.2. DIRT. Process performed following methodology presented in Section
3.7.3.
1.2.7. Harvesting. After three weeks of growth, half of the cuttings in group b., B 
(6) and H (6), the roots were cut with plastic scissors (before being inoculated), weighed, 
sealed in plastic bags, and stored in the -20°C freezer.
After two months total growth, bioreactors wer e disassembled. The harvesting 
process was followed as described in Section 3.8. The seven samples were taken 
following the same process (Figure 3.9), the only difference was that sample 3 and 7 
were not cut in half. In this project, the plants were not exposed to contaminants, 
therefore, they were not analyzed on the gas chromatographer.
118
119
1.2.8. Verification of Colonization Ability. The process followed was 
presented in Section 3.9.
1.2.9. Statistical Analysis. Statistical significant differences between groups of 
study were determined following the same indications in Section 3.11.
1.3. PRELIMINARY RESULTS
The main goal of this second part of the research, was to evaluate the role of the 
pre-existing roots in the bacterial colonization. The purpose was identifying the best 
method to perform the endophyte bacterial inoculation process. It was hypothesized that 
bacterial inoculation could be done even after plants are fully rooted, without interfering 
with the plant colonization. Additionally, it was set out to compare sand grown versus 
hydroponic grown. It was hypothesized, that aqueous environments allowed to better 
bacterial colonization.
Group B of poplar trees, designated as the study group, was planned to be 
inoculated after plants were fully rooted. The proposed experimental design seemed to 
create such stress that after the inoculation, mostly all plants from group B died, resulting 
in the group of study with the least total and cumulative mass change (Figure C.4 to C.7). 
Since there was not even one representative of B group remaining at the time of the 











Figure C.4 Total mass change per group of study of the plants grown in sand bioreactor. 
A= negative control, without bacterial inoculation during the whole experiment; B= 
studying group, inoculated with the consortium #1 after the cuttings rooted, without 
roots; C= positive control, inoculated with the consortium #1 before planting the cuttings.
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A B WB C
Groups of study
Figure C.5 Total mass change per group of study of the plants grown hydroponically. A= 
negative control, without bacterial inoculation during the whole experiment; B= studying 
group, inoculated with the consortium #1 after the cuttings rooted, without roots; and 
WB= studying group, inoculated with roots; C= positive control, inoculated with the 
consortium #1 before planting the cuttings.
Figure C.6 Cumulative mass change per group of study of the plants grown in sand 
bioreactor over time. A= negative control, without bacterial inoculation during the whole 
experiment; B= studying group, inoculated with the consortium #1 after the cuttings 
rooted, without roots; and WB= studying group, inoculated with roots; C= positive 
control, inoculated with the consortium #1 before planting the cuttings.
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Figure C.7 Cumulative mass change per group of study of the plants grown 
hydroponically over time. A= negative control, without bacterial inoculation during the 
whole experiment; B= studying group, inoculated with the consortium #1 after the 
cuttings rooted, without roots; and WB= studying group, inoculated with roots; C= 
positive control, inoculated with the consortium #1 before planting the cuttings.
The only data that could be presented, is the better performance of plants that 
were grown hydroponically compared with the sand reactors. Presenting higher numbers 
in the cumulative and total mass change. However, differences are not statistically 
significant. On the other hand, group of study group C, presented the highest total and 
cumulative mass change for both plants that were grown hydroponically and in sand 
reactors. Even though it was not the focus of this portion of the study, it could be 
explained by the bacterial endophytes enhancing the performance of the plants. 
Nevertheless, the results presented in Figure C.8, do not support the ones presented in the 
Figure C.4 to C.7. Group C presented the highest shoots values, but group A presented 
the highest roots values, and the highest total biomass. These data lead to inconclusive
results and none of the differences are statistically significant. Therefore, results did 
not support the hypotheses.
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Figure C.8 Total biomass presented as shoot (g) and root (g) per group of study of the 
plants grown in sand bioreactor. A= negative control, without bacterial inoculation during 
the whole experiment; C= positive control, inoculated with the consortium #1 before
planting the cuttings.
The identification of the best method to perform the endophyte bacterial 
inoculation process was not conclusive based on the data obtained on this study. Taking 
the plants out of their growth media, cutting the roots (for the corresponding group of 
plants), and inoculating caused a tremendous detrimental effect for Group B. These 
processes stressed the plants up to the point of mortality. These results indicated that 
during the plant growth period, is not recommended to make drastic changes, such as
modification of growth media (from soil to water, and then back to soil). For future 
research, it will be interesting to evaluate the inoculation on rooted plants but running the 
whole study with plants growing just hydroponically.
In both the study done by Doty et al. (2017) with rfp-PD1 and in the study done 
by Khan et al. (20014) with g^-PDN3, the inoculation was done prior to planting of the 
plants and on liquid media. But the studies presented a slight difference, in Doty et al. 
(2017), the inoculation started from just cuttings and was done for 24 hours and in Khan 
et al. (20014), the inoculation started on a viable and healthy root system and plants were 
allowed to be colonized for 2 weeks. Based on the methodology used in these 2 studies, 
one of the modifications that could have been done for better inoculation results, is to 
extend the period of initial inoculation.
Some studies have reported similar bacterial inoculation methodologies, but there 
is always variability in the methods. Reports have not been found regarding the effect of 
the plant growth media, aqueous or solid, on the plant colonization and on the 
phytoremediation process. Some studies with fungus endophytes, reported to be relevant 
in agriculture, have developed the same test hydroponically and in soil pots, and it did not 
appear to be any clear distinction (Kandel et al., 2017; Saragih et al., 2019; S. Singh et 
al., 2016; Tefera & Vidal, 2009; Tewari et al., 2004; X. Zhang et al., 2010).
For the PCR product results presented in Table C.1, the same problem presented 
in Table 4.2 happened. Even though study group A was not inoculated with bacteria and 
should serve as a negative control, the PCR amplification of some samples resulted in a 
positive PCR amplification for rfp-PD1 and g^-PDN3. Therefore, these results are 
inclonclusive and unreliable to support the proposed hypotheses.
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Table C.1 PCR products results summary. Two different plants per amendment and 7 
different plant samples per plant. Divided by the type of growth: on sand and 
hydroponically. For plants D, were just 2, 3, and 7 sample number. A= negative control, 
without bacterial inoculation during the whole experiment; C= positive control, 
inoculated with the consortium #1 before planting the cuttings. D= Sacrificed group, 
sacrificed on time 0. Primers used: ITS-u1(F) and ITS-u4(R) (plant universal primers), 
rfp-PD1 F and R, (rfp-PD1 specific primers), gfp-PDN3 F and R (gfp-PDN3 specific 
primers), and 27F and 1492R (universal primers).Positive results are represented with +, 
++, or +++, according with the intensity of the band. Negative results are represented by 
leaving the box empty. +/- represents a positive for the bacterial primers but negative for 
the control primers. +/? Represents a positive result for bacterial primers when bacteria
should not be present.
Type of growth Sand bioreactor Hydroponic
Am endm ent A C D C
Plant num ber 5 6 3 4 1 2 1 2
Primers
ITS-u1(F) and ITS-u4(R) + ++ +
rfp  -PD1 F and R + +
1
g fp  -PDN3 F and R + ++
27F and 1392R +++ +++
ITS-u1(F) and ITS-u4(R) + + ++ ++
rfp  -PD1 F and R + + + +
2
g fp  -PDN3 F and R +/? +/? +++ + + ++
S
27F and 1392R +++ +++ +++ +++ ++ +++ +++ ++
ITS-u1(F) and ITS-u4(R) + ++ + +
a
3
rfp  -PD1 F and R ++ + + +
m
g fp  -PDN3 F and R +/? +/? +++ + ++ +
p 27F and 1392R +++ +++ +++ +++ + +++ +++
ITS-u1(F) and ITS-u4(R) + ++ + +e
4
rfp  -PD1 F and R + +
n g fp  -PDN3 F and R +/? +/?
+ ++ ++
27F and 1392R +++ ++ +++ ++ ++u
m ITS-u1(F) and ITS-u4(R) +++ +++ ++ ++




g fp  -PDN3 F and R +/? +/? + + +
27F and 1392R +++ +++ +++ +++ +++ ++
ITS-u1(F) and ITS-u4(R) +++ +++ ++ ++ +
rfp  -PD1 F and R + +
6
g fp  -PDN3 F and R +/? +/? + ++ + +++
27F and 1392R +++ +++ +++ +++ +++ +++
ITS-u1(F) and ITS-u4(R) + ++ + + ++
7 rfp  -PD1 F and R
+ + +
g fp  -PDN3 F and R +/? +++ + + +++ ++
27F and 1392R ++ ++ +++ +++ ++ ++ +++ +++
However, it is worth to mention, that both of the plants that were grown 
hydroponicly, were the only two plants that presented reliable results for the DNA 
extraction and PCR products. In addition to presenting positive for all the 8 samples for 
rfp-PD1 and gfp-PDN3. These results suggest that aqueous solution favor the 
colonization of endophyte bacteria and the movement upwards the plant. However, the 
reproducibility of this result cannot be guaranteed because of the low survival rates of the 
plants in this study.
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Wavelenght (nm)
Figure C.9 Average spectral reflectance vs. wavelength. For measurements of A and C 
Poplar trees group of study. A= negative control, without bacterial inoculation during the 
whole experiment; C= positive control, inoculated with the consortium #1 before planting
the cuttings.
No differences in the reflectance values were seen in Figure C.9 between the 
plants representing groups of study A and C. Based on this result, it could be concluded 
that the inoculation of bacterial endophytes did not have any effect on the health of these 
plants. However, the goal of this project was not to evaluate plant performance, since the
plants were not being stressed by exposition to contamination. Figure C.10 backed up 
the lack of differences between the two groups, by not presenting in the PCA a clear 
separation among the studied plants.
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Figure C.10 Principle Component Analysis (PCA). Based off hyperspectral reflectance 
index results for plants A2, A3, A6, C2, C3, C4, and C6. A= negative control, without 
bacterial inoculation during the whole experiment; C= positive control, inoculated with 
the consortium #1 before planting the cuttings
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